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It is shown that a single electron moving in a field of 
suitable dissymmetry can give rise to optical rotatory 
power in a medium containing molecules of this type. This 
effect is called one-electron rotatory power and is in striking 
contrast to the models developed by Born, Oseen, Gray 
and others in which a dynamic coupling between several 
electronic oscillators is responsible for the rotatory power. 
The detailed calculations are carried out for the potential 
function, 

V=}(kix?+ hoy? +32?) +Axyz, 


which shows rotatory power both quantum mechanically 
and classically. Next it is shown how fields of this type 
may be adapted to an approximate description of the field 
in which the chromophoric electrons of a molecule move, 
the constants ki, ke, k; and A being largely determined by 
the average charge on the different atoms of the molecule 
as found from additivity of dipole moments due to the 
bonds in the molecule. As illustrations of the theory 
absolute calculations are made for the contribution of the 
nitrite group to the rotatory power of methyl phenyl 
carbinol nitrite which agrees satisfactorily with experi- 
mental data, for the phenyl group contribution of the same 


molecule and for the hydroxyl group contribution in 
secondary butyl alcohol. In the latter two instances the 
theoretical values are much too small but as there is a 
great deal of freedom in the choice of the configuration 
because of free rotation these results merely indicate need 
for more detailed calculations. The general quantum- 
mechanical theory of circular dichroism is developed and 
a quantum-mechanical derivation of Natanson’s rule is 
given. The quantum-mechanical definition of Kuhn’s 
“anisotropy factor’ is given and an alternative measure 
of the contribution of an absorption band to rotatory 
power called the rotatory strength is defined and discussed. 
It is shown that spin magnetic moments may generally be 
neglected in calculation of rotatory power owing to the 
weakness of spin-orbit interaction. Interpretation of 
experiments of Schwab, Rost and Rudolph on the catalytic 
dehydration of butyl alcohol on active quartz is discussed 
and kinetic arguments advanced to show how the relative 
configuration of quartz and butyl alcohol may be inferred 
from such data. The relation of one-electron rotatory 
power to known dipole moment and solvent effects on 
rotatory power is briefly discussed. 





I. INTRODUCTION 


HE property of some liquids to rotate the 
plane of polarization of linearly polarized 

light traversing them has played a great role 
in the development of stereochemistry. In spite 
of the fact that an enormous amount of work 
has been devoted to the subject it cannot be 
said that the theory of the molecular actions 
responsible for this behavior is in a very satis- 
* A preliminary account of the main results of this paper 
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Physical Society, June 26, 1937. 


factory state. In this paper we shall attempt to 
carry the quantum-mechanical treatment of the 
subject further in terms of a simple model which 
exhibits the main features of the phenomenon. 
By way of review let it be recalled that the 
rotation is produced as an indirect effect of 
circular double refraction, that is, because of the 
medium’s having slightly different indices of 
refraction for right and left circularly polarized 
light. The rotation is called positive if the plane 
is turned in a clockwise direction as viewed by 
an observer into whose eyes the light enters and 
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the classical analysis due to Fresnel! shows that 
¢, the rotation per unit length of path, is given by 


g=(a/d)(m—nN,) (1) 


in which \ is the vacuum wave-length and 
n1, nN, are the refractive indices for left and right 
circularly polarized light, respectively. On the 
electromagnetic theory of light circular double 
refraction can be described phenomenologically 
by assuming that the medium is characterized 
by a parameter g defined by the equation 


D=E-gH, 
B= H+gE, 


in which D and B are the electric and magnetic 
inductions and E and H the field strengths, « 
the effective dielectric constant for the frequen- 
cies involved, so that ¢ equals the square of the 
mean refractive index. Then a solution of 
Maxwell’s equations by standard methods gives 
for the rotatory power 


y= (2m/d)*cg. (3) 


The parameter g is the macroscopic repre- 
sentative of a corresponding microscopic param- 
eter representing the response of individual 
molecules to the applied fields of the light wave. 
Let p; be the induced electric moment of the 
molecule due to the fields of the light wave and 
m, the corresponding induced magnetic moment. 
Then we assume that these are of the form 


Pi= ak’ — (8/c)H, 
m,= +(8/c)E’, 


where a is the quantity commonly called the 
polarizability of the molecule, 8 is a new param- 
eter that is responsible for the optical activity, 
and E’ is the effective field acting on a molecule. 
Accepting the Lorentz’ result that 


E’/=E+47P/3, (5) 


where P= Jp; is the electric moment in unit 
volume, WN, being the number of molecules in 
unit volume, then the standard definitions 
D=E+42P and B=H+47rM lead to the follow- 
ing connections between a and e¢, and @ and g, 
respectively, 


4nNia e—1 4nNi(8/c) g 


3 et2’ 3 e+2 
1 Fresnel, Ann. chim. phys. 28, 147 (1825). 


(2) 


(4) 





(6) 
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The first of these is the familiar result from the 
ordinary theory of dispersion, the second is its 
analog for the theory of optical activity. Using 
the well-known result n?=e where 7 is the mean 
index of refraction, a combination of (6) and (3) 
permits the expression of the rotatory power 
in terms of the molecular parameter 8 and other 
defined properties of the medium, 


g = (160°/d) NiB- 3(n?+2). (7) 


With this equation the task is completed of 
expressing the observed rotation per unit 
length ¢ in terms of the molecular parameter 8, 
the number of active molecules in unit volume 
Ni, the vacuum wave-length \ and the mean 
index of refraction, m. In this way the theory of 
optical activity is referred back to a molecular 
theory of 8. 

Instead of dealing with the rotatory power 
itself it is often convenient to deal with the 
molecular rotatory power which is defined as 
¢M/p where M is the molecular weight and p 
is the density. Denoting the molecular rotatory 
power with ® one has 


& = (1673/d?) NB(n?+2) /3, (8) 


where N is Avogadro’s number. Either (7) or 
(8) may be used to compute value of 6 from 
experimental data on the rotatory power. 
Unfortunately values of the refractive index are 
often not given in the literature so the factor 
(n?+2)/3 has to be estimated. 

The appropriate extension of the quantum- 
mechanical theory of dispersion needed to give 
the theory of the parameter 6 has been given 
by Rosenfeld.? Suppose the quantum states of 
the molecule are labeled by a, b, --- where a 
single letter stands for the totality of quantum 
numbers needed to specify the state. Then the 
matrix components of the electric moment of 
the molecule are denoted by (a|p|5) and those 
of magnetic moment by (a|m|b) where 


m=—— > (r:Xpit28,), (9) 


p=edr; 
i mc i 


the sum being extended over all the electrons in 


the molecule, r; being position, p; momentum 


2 Rosenfeld, Zeits. f. Physik 52, 161 (1928); see also 
Condon, “Theories of Optical Rotatory Power,” Rev. Mod. 
Phys. (in press). 
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and S; spin angular momentum of the ith 
electron. The necessary generalization of the 
ordinary dispersion theory is obtained by taking 
into account to the first order the finite ratio of 
molecular diameter to wave-length of light. 
The end result of Rosenfeld’s calculations is 
that 
1 Im{(a|p|)-(6|m|a)} 


/ 
Ba/c= ’ 
3h >» Vou — v? 





where the expression has been simplified to take 
account of the fact that the molecules are 
oriented at random. In this expression v is the 
light frequency and y, is the frequency asso- 
ciated with a transition from state a to state b. 
The symbol Im{_ } means ‘imaginary part of” 
in the sense 

(11) 


if « and v are real. The subscript a on 8 means 
that the formula gives the appropriate value of 
8 for molecules in the state a. If in the actual 
material the molecules are distributed over 
various initial states such that N,(a) is the 
number of molecules in unit volume in the state 
a then the effective value of 8 for use in (4) is 
the weighted average 


B= (1/N1)Ni(a)Ba. (12) 


Equation (10) for (8./c) is entirely analogous 
to the more familiar equation for the ordinary 
polarizability, aa, 


Im{u+iv} =v 


2 _ %a| (a| p|b)|* 
E.=-— . 


3h Voae — v 


(13) 





The work of Rosenfeld thus refers the parameter 
8 and hence the optical activity back to the 
matrix components of electric and magnetic 
moment as contained in (10). It appears that in 
all the years since Rosenfeld’s paper no attempts 
have been made to discuss the quantum- 
mechanical formula (10) in relation to an actual 
molecular model. Instead there has been a 
tendency to revert to the original coupled 
oscillator model of Born,? Oseen* and Gray® in 
what attempts have been made recently** to 


’ Born, Physik. Zeits. 16, 251, 437 (1915); Ann. d. Physik 
55, 177 (1917). 
* *Oseen, Ann. d. Physik 48, 1 (1915). 
*Gray, Phys. Rev. 7, 472 (1916). 
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discuss the theory of optical activity. The 
opinion prevalent in the literature’ seems to be 
that the only models which need be considered 
to explain optical activity are those involving 
coupled oscillators. The model originally pro- 
posed by Drude® involved only one oscillating 
particle, and its rejection by Born and Kuhn® has 
done much to strengthen the common belief, 
that single oscillators are neither adequate nor 
important in providing a mechanism. In the 
following we propose to show that electric fields 
known to be present in molecules actually endow 
single dispersion electrons with optical activity 
of the magnitude observed. Consequently we 
feel that more is to be gained by attempting to 
discuss the actual application of (10) to molecu- 
lar models. That is what is done in this paper.* 


2. A SmmpPLE MopeEt For Optica ACTIVITY 


A characteristic feature of the modern theory 
of atomic and molecular spectra is the use of 
what may be called the Hartree approximation, 
in which each electron in the system moves in an 
average field due to the average action on it of 
all the other atoms and the nuclei. The detailed 
coupling of the electrons may then be taken into 
account in higher approximations. It seems, 
therefore, that the best approach to optical 
activity is gained by studying some simple po- 
tential field, in which a single electron moves, of 
such a character as to give activity. Such a 
calculation will be made in this section and later 
sections will be devoted to the correlation of the 
simple model with the structure of actual 
molecules. 

The force field, V(x, y, z), must be such that it 
has no planes of symmetry and no center of 
symmetry. This is true because if there were 
such an element of symmetry then the states 
could be classified as even or odd with regard to 
this symmetry element, and p and m would have 
selection rules of opposite kind with regard to 

6 Kuhn, Zeits. f. physik. Chemie B4, 14 (1929); Trans. 
Faraday Soc. 26, 293 (1930). 

7 Born, Proc. Roy. Soc. A150, 84 (1935). 

8 Oke, Proc. Roy. Soc. A153, 339 (1935). 

9 See: Lowry, Optical Rotatory Power, p. 372 f. Kuhn has 
actually demonstrated that Drude’s result was obtained 
by unjustifiably neglecting certain terms. 

* Added in proof: These remarks, of course, do not apply 
to the recent important paper of Kirkwood, J. Chem. Phys. 


5, 479 (1937) who has taken steps toward the use of (10) in 
definite molecular models, 

















this character so there would be no states a and b 
for which (a|p| 6) and (6|m|a) were both different 
from zero. 
A simple field satisfying this requirement is 
given by 
V (x1 2X3) = (1/2) (Rix12 + Roxe? + h3x3") 
+Axjxex3, (14) 


where the Cartesian coordinates of the particle 
are X1, X2, x3. The motion of a particle of mass yu 
in such a field may be treated by the standard 
form of perturbation theory, treating the 
Ax1xX2x3 term as a perturbation. 

In the zeroth approximation the energy levels 
are given by 


W(m, m2, 23) =(mi+d)hry 
+(n2+4)hvet(n3+4)hvs3 (15) 


and the zero-order wave functions are 


¥(11, M2, M3) 
= Oni(%1/G1) Pne(X2/A2) Gn3(%3/a3), (16) 


in which 
Qrvi=(ki/u)*, (27a:)?=h/pr:; (17) 


and the ¢ functions are the normalized orthog- 
onal system involving the Hermitian poly- 
nomials 


on(E) = (2"m! a) HH, (Ee P”, (18) 








V(n'n2o'n3') (ny'no' ns! | AX1XoX3 | N\Non) 
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The calculation of the matrix components of the 
perturbation energy Ax,x2x3; with respect to 
the wave functions (16) is very readily made 
since the perturbation energy and the wave 
functions each factor into simple functions of an 
individual coordinate. Since the recursion for- 
mula for the functions (18) can be written 


Epn(E)=[(m+1)/2 hong r(E)+(2/2)*on-r(E), (19) 
the nonvanishing matrix components of & are in 
a one-dimensional scheme 

(n|€|n’)=[(n)/2]}} where n’=n+1 (20) 
and (m) means the larger of m or n’. Hence the 


nonvanishing matrix components of the per- 
turbation energy are given by 


(n\nons | AX X0X3 | n;'no'N3’ ) 

= Aa,a2d3 8—*[(m)(m2)(m3) ]? (21) 
where ;/=,;+1, mo’=m2+1 and n;'=n3+1 
and (n;) means the larger of n; and n,’. It will be 
convenient to introduce an abbreviation 


d= Aajaoas/84h. (22) 


Then by the standard perturbation theory we 
see that to the first order the energy levels re- 
main the same as (15) since the diagonal ele- 
ments of the perturbation vanish. The first-order 
perturbed wave function is 





(23) 





W(nynons) = (nnens) — 


ni’ 





W(n1'no'n3') — W(nynons) 


where the summation contains at most eight terms because of the simplicity of (21). 
Now for the optical activity one needs the matrix components of r and L, the orbital angular 


momentum calculated with respect to the perturbed wave functions (23). Denoting these with 
square brackets and matrix components with respect to unperturbed functions with round brackets 
one has, to the first approximation for any quantity F, 


[2yn2n3| F| n'N2'n3' | = (nnon3| F| n;'N2'N3') —xr {P1(nynons) Fy (ny'no'n3') 


+(ninens) Fyi(my'ne’ns’)}, (24) 


in which dy1(mnen3) is written for the second term on the right side of (23) and where $F means 
that the expression is to be integrated over the configuration space. 
The matrix components of r with regard to the unperturbed functions follow at once from (20) the 


result being 


(nynons| r | n;'N2'N3’) => 2-4{ i(71)*5(ne, N2')5(n3, N3')a,+j(m2)*5(m, ny')5(n3, N3' a2 


+k(n3)'5(m, n;')5(ne, N2' a3}. (25) 


Here i, j and k are the usual unit vectors and 6(x, y)=0 for y¥x and 1 for y=x. Hence to get non- 
vanishing matrix components two of the m’s must be unchanged and the third must be given by- 


nj =n ;+1. 
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The matrix components of L with regard to the unperturbed functions may be obtained as fol- 
lows: from the theory of the Hermite polynomials in one dimension one has for the momentum 
operator p, 


th th 
Pen=—L3(" +1) Peni ——Ln Ji gn-1. (26) 
a a 


From the definition of orbital angular momentum L, 


L1=x2p3—Xsp2, 
so using (19) and (26) 


thar 
Liv (nynon3) = DL as-?F a2? |[ (me) (ms) ibm, mot1, n31), (27) 


r 


in which the >> extends over the four possible signs for m2+1 and n;+1 taken independently and where 
the sign choice on +a,” is the same as that on ;+1. As before (m2) means the larger of m2 or m2+1. 
The expressions for Loy(ninen3) and L3y(nynen3) may be written down by cyclic permutation of the 
indices 1, 2, 3. In other words the nonvanishing unperturbed matrix components of L are therefore 


tharda3; | 1 
(m1, Mot1, mg1|Li|nmens) = : (+—-+ Js) (ns) 


a3” a? 


tha3a, 1 1 
(m1+1, m2, m3+1|Le|nimen3) = (+—- +—)C(my(nd?, 
2 a; a3” 


tha a2 1 1 
(m,;+1, Notl, n3| L3|\n2n3) => (+—- +) [ (m1) (me) }?. 
Z a; a," 


From (28) and (25) it is obvious why an ordinary anisotropic harmonic oscillator is not optically 
active, for the nonvanishing matrix components in (25) require that two n’s be unchanged whereas 
in (28) only one n is unchanged; hence there are no pairs of levels (mynon3) and (m,/n2'n3') for which 
both the r and the L matrix components have a nonvanishing value. 

The optical activity is produced by the perturbing effect of the Ax ;xex3 term by means of the 
terms proportional to \ in (24). For the sake of clarity and in view of the applications to be made, 
it will be sufficient to work out in detail the special case of activity due to molecules in the lowest 
state (000). Consideration of (23) combined with (21) shows that the perturbed wave function for 
(000) involves only (000) and (111) wave functions, 


N 
(000) = ¥(000) -—————+(111). 


Vitvetrys 


Hence by (25) the only states for which [000|r|”,22n3] has a nonvanishing zero-order value are 
(100), (010) and (001). These are the ordinary one-quantum jumps of the anisotropic oscillator. 
For these transitions L has a vanishing zero-order matrix component but a nonvanishing first-order 
component owing to the fact that by (23) and (21), ¥(100) contains ¥(001). More explicitly 


2! N 
(100) = (100) -—————-(211) + ¥(011) 


Vitvetrys —vyjtvetrz 





so using (24) and (28) 
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[100| L|000] = — 


tdh(a2*—as*)P 2; h (29) 


1 
2d203 L (e+ v3)? — vy 


and by cyclic substitution the formulas for [010|L|000] and [001|L|000] can be written down. 
Hence the three absorption lines (000-100) (000-010) and (000-001) give rise to optical activity 
in the first order, the appropriate strengths as occurring in (10) being given by 








h? s 6 1 
[000| r| 100]-[100| L|000] = —i- (---) (30) 
12875? Vo V3 (ve+ v3)? — vy; 


the other two of similar type being obtainable by cyclic substitution. As the right-hand side of (30) 
is pure imaginary, the imaginary part needed for (10) is just equal to the right-hand side of (30) 
with the 7 omitted. 

These three lines therefore give rise to optical activity of the first order in virtue of zero-order 
matrix components of r combined with the first-order contributions to the matrix components of L. 
Similarly there are three more lines which will give first-order optical activity in virtue of the first- 
order change in the matrix components of r combined with the zero-order matrix components of L. 
These two sets of lines will exhaust the possibilities for optical activity of the ground state to the 
first order in the asymmetry coefficient A. 

There will be an interesting contrast in type of the two sets of lines. For the set given by (30) 
the ordinary optical absorption will be strong since [a|r|b] has a nonvanishing zero-order value. 
But for the other type, whose optical activity is of the same order of magnitude, the ordinary optical 
absorption will be weak. Thus the model gives a division of the critical frequencies into two types 
—both of comparable contribution to the rotatory power but one strong in absorption, the other 
weak. This corresponds to a general experimental fact as recognized by Kuhn and interpreted by 
him in terms of the crossed oscillator model. 

The states for which [,n2n3|L|000] has a nonvanishing zero-order value are, by (28), (110), (101) 
and (011). For these we need to calculate the first-order matrix components of r by a combination of 
(24), (23) and (25). The result is 


v 
[000|r/011]=2!ra, roensil (31) 


(ve+ v3)? — vy? 





the other two being obtained by cyclic substitution. Hence for this line the contribution to the 
optical activity is given by 








Ah? f1 1 1 
[000| r|011]-[011|L|000]= + (—--) (32) 
128r5p?\ ve v3/ (ve+v3)?— 1? 


the other two being obtained by cyclic substitution. It is interesting to note that (32) is exactly 
equal and opposite to (30). Hence the sum of the rotatory strengths associated with the jumps 
(000)—+(100) and (000)—+(011) is zero, verifying the general sum rule for the numerators in the 
rotatory dispersion formula. 

The general sum rule is that the sum of the numerators in (10) is zero. This may be proved very 
simply. One has for this sum 


Im{2o(a|p|6)-(6|m|a)} =Im{(a|p-m|a)} 
b 
by the matrix law of multiplication. The quantity on the right vanishes since (a|p-m|a) is a diagonal 


matrix element of a real observable and hence is real. 
In view of the fact that p=er and m=(e/2yc)L for a single charged particle one can write down 
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the complete formula for the parameter 8 by combining (10), (30) and (32). The result is 


Ahe? : @ 1 [ 1 1 1 1 1 
12(27) ®t X\ve v3 (ve+0:)*— 94% vi2—v? (ve+v3)?—v? vs iF (vg-+1)?— v2? 


1 1 1 1 1 [ 1 1 | 
x| - + |+(---) _ + . (33) 
vo2?—v? (v3+71)?—v? Vy Ve rae | v3?—v? (vi +e)? —v? 


It will be noticed that if any two of the frequencies 71, v2, v3 are equal the whole expression vanishes. - 
This is in accord with the symmetry properties, for if, say, v2 and v3 are equal this implies ke and ks 
are equal so the harmonic oscillator potential has the x; axis as an axis of symmetry and therefore 
any plane through this axis is a plane of symmetry for the harmonic oscillator potential. Now x:x2x3 
has the plane x2=; as a plane of symmetry so if v2= v3 the plane x2=x; is a plane of symmetry of 
the model so the optical activity should vanish. 

By combining (33) with (7) or (8) one has an explicit formula for the rotatory power of a molecule 
which contains electrons moving in a field of the type postulated in (14). 

















3. OpTICAL ACTIVITY OF THE MODEL IN HIGHER QUANTUM STATES. CLASSICAL 
MECHANICS AS A LIMITING CASE 


The extension of the preceding calculation to states with three arbitrary quantum numbers 
(nynon3) instead of (000) is of considerable interest not only because it applies to media with part of 
their molecules in excited states but also because the generalized formula taking the place of (33) 
leads for high quantum numbers asymptotically, in the sense of the correspondence principle, to an 
expression for the rotatory power of the classical model. We shall see that in going to this limit the 
system retains a finite rotatory power, and a simple expression in terms of the amplitudes will be 
given. 

The procedure is of course closely analogous to the derivation previously given for the ground 
state. Again we start from Eqs. (10), (23), (25) and (28). When applied to our model, Eq. (23) gives: 


2 
¥(nynons) =P (imams) — AL Y(m+1, m+1, sets es , 
+trytrvetys 





(34) 


where the summation is over all possible sign combinations and where equal signs are taken for the 
change of quantum number in any of the three axes, ”;, and the corresponding »; in the denominator. 
Consequently one obtains 


[mymoms|r| my'ne'ns' ]-[mi'ne'ns' | L| ninens |= 
[ (m1) (m2)(ms) }! 


-r>- { (n\non3|\ r | n'N2'N3')(ny'Ne' ns | L\|m+1 Not1 n3+1) 
tytretrs 





+ (m1 met1 mg1| 4] m1'm2'n3’)(m1'ne'ns' | L| ninens)} + 
L(my’)(m2")(ms3') ]} 


“hE, | (myneng| | my'n2' ms’) (m1! 1 me’ +1 m3’ +1| L| myn2ns) 
tyjtretr; 





. + (m1N2N3 | r | ny +1 ne +1 Nz + 1) (my'no'n;' | L | N\N2N3) } ° (35) 
The zero-order term (n|r|n’)-(n’|L|m) is absent in (35) because the selection rules of r and L mu- 
tually exclude each other in the unperturbed case which has three planes of symmetry. The follow- 
ing transitions are found to contribute to (m|x|m’)(n’|L.|n): 


(a) (nngn3)—>(m+1, me, ns), (d) —>(my, m2—1, n3+1). 
(5) —(ni—1, me, ms), (e) —>(m, m2+1, n3—1), 
(c) — (m1, n2+1, ms+1), (f) —-(m, ne—1, m3—1). 
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If we denote these six transitions for brevity by letters a to f in the order listed, it is easily seen that 
a and b, ¢ and f, d and e have equal and opposite transition frequencies, namely +71, +(v2+v3) and 
+:(v2—v3) respectively. Since transition frequencies v,,, enter into (10) for 8, in the second power, 
each pair of transitions will jointly give rise to one dispersion term of the general type that was 
previously obtained in Eq. (30). Actually it is found that only the first and third term in (35) will 
cbntribute by virtue of a transition a or b, and similarly only the second and the fourth term of 
(35) contribute in transitions c, d, e, f. There are, in all, 32 terms to be considered for the matrix 
product (| x|n’)(n’|L|n) and 64 more terms are obtained by cyclic substitution to give contribu- 
tions toward the y and the z matrix components. A simple though lengthy calculation leads after 
much simplification and canceling to the final formula for 6: 




















Ahe?* 1 (n2+n3+1) [ 1 1 
Bunn =——— | (---) + 
12(27)5u3 intial —a vy>—v? (ve+v3)?—v? 
1 1 (n2— 3) 1 1 7 
+(—+-) — + 
Vo V3 (ve— v3)? — v PL ye—p? (ve— v3)? — v7 J 
1\ (ms3+1+1) r 1 1 7 
eos 
(vgtr1)?— ve" = v9? — pv? (vp4-0,)?— 99) 
1 (m3s—m) [ 1 1 7 
ar 5 
(vg—v1)?@— vel = vo?—v?  (vg—v1)?— v2] 
4 ~~) (m1 +nm2+1) 7 1 1 ? 
(vitve)?—v3"b v3? —v? (v1 + v2)? — v2] 








+(—+ +i) — [ . + , |} (36) 
a v3?— v? (v1— v2)? — v? 


This clearly contains the previous result, (33), as a special case, but also exhibits some new features. 
First of all we have now three resonance frequencies for the rotatory dispersion, instead of the two 
previously obtained. Of these, v1, represents a frequency which is also strongly pronounced in ab- 
sorption, but there are now two weak absorption bands (v2+v3) and (ve—v3) which may exhibit 
strong rotatory power. Again the sum rule is obviously fulfilled as the numerator going with the 
strong absorption frequency is equal and opposite to the sum of the other two. Eq. (36) may also 
be written in a slightly modified form: 


Ahe? x {(- (me+n,+1) 
12(27) 53 evel. 9 eee 


(n.—n1) 
+(- +— ~) |. (36a) 
L(v.— 1)? —v? Lv? —v?] 
Here )) means sum over (k/i) = (2, 3, 1), (3, 1, 2) and (1, 2, 3). 
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In order to derive a limiting expression for 8 in terms of the amplitudes A,A2A3 of the particle's 
motion in the three axial directions we express the quantum numbers in terms of the amplitudes by 
means of the energy relation valid for a harmonic oscillator : 


nyhv, = (1/2)kiA r= 2r*vA rh, 


hy, =277 pA, (37) 
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and two similar equations for the other two quantum numbers. Substituting from (37) into (36) we 


have at once 





e?A 1 1) 72Ae?+73A sf 
poss Zt ie) 
384r4p? 3 


Ve Vv 


(ve+v3)?— vA P ve 


1 1 
eeesre 


—v  {ve+93)?—v? 





1 1 \ veA 2? — v3A 3? [ 1 1 
+(-+-) —_ + 
Ve eT ae | vy>— vp? (v2— 93)? — »? 


V3 


+four more lines obtained from these by cyclic permutation of the indices}. (38) 


This result does not contain # or other quantum-mechanical concepts and represents in the limit, 
according to the correspondence principle, the response of our model if it were a system obeying 


classical mechanics. 


4. QUALITATIVE PROPERTIES OF THE FIELD 


Before discussing the application of the results 
of Section 2 to actual molecules it is worth while 
to form a mental picture of the kind of potential 
field represented by (14). This is best done by 
considering the shape of the equipotential 
surfaces. Suppose for definiteness that ki >ke>ks 
and at first that A=0. Then the equipotential 
surfaces will be ellipsoids whose principal axes 
are the coordinate axes and whose axes increase 
in the order x,;<x2<x 3. The sections of any 
such ellipsoid by a plane x3=constant will then 
be ellipses all of whose principal axes are parallel 
to the x; and x2 axes. Now suppose that the 
Ax \X9x3 term is present, say with A>0. Then 
the equation of the intersection of an equipo- 
tential with the plane x3;=Z is 


k ko 
att —ast + AZo =(V—4ksZ?). 
This is the equation of an ellipse whose axes 
have been twisted relative to parallelism with 
the x; and x2 axes in the counter-clockwise sense 
as viewed from the positive x3 axis, the angle of 
twist being 6 where 
AZ 
tan 20 =———_—_. (39) 
2(ki—ke) 

The angle of twist therefore increases with 
increasing Z, in other words the equipotential 
surface is a kind of twisted ellipsoid something 
like what one might get if an ordinary ellipsoid 
of three unequal axes were subjected to a tor- 
tional stress twisting it around the x; axis in 





the sense of a right-handed screw. The angle 
through which an axis is twisted can never 
exceed 45°. 

Similarly the sections of the equipotentials by 
the planes x,=X are also ellipses which are 
skewed around in the same screw sense for the 
angle of twist is given by (39) with the cyclic 
substitutions ZX, ki—>ke, k2—>k3 and the sense 
remains the same because we have assumed 
ke>k;. The sections of the equipotentials by the 
planes x2= Y are also a set of ellipses, but they 
are skewed around in the opposite sense for the 
form of (39) applicable to this case involves 
(kg3—k,) in the denominator which is negative 
in the case we are discussing. 

It should be clear that no matter what are 
the relative magnitudes of k;, ke and kz the 
situation will always be the same in that the 
sections of the equipotential surface by planes 
parallel to any of the coordinate planes will be 
sets of ellipses, two of which screw around in the 
same sense while the third has the opposite 
screw sense. 

Comparing these qualitative properties of the 
field with the formula (33) for Booo we see that 
if A>O and k,>ke>ks then the » and ps; 
absorption lines contribute positive quantities to 
6 while the v2 line contributes a negative quan- 
tity. There is, therefore, an absolute correlation 
of the screw sense in the potential field and the 
sign of the contribution to 8. The rule is: the 
contribution to the rotation of the absorption line v; 
is dextro-rotatory if the screw sense of the equi- 
potential surfaces with regard to the x; axis is 
positive. This rule affords a basis for discussion 
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of the age-old problem of absolute configuration 
in optically active molecules. 

The rule is exactly what one would expect 
from a simple consideration of the relation of the 
field to formula (4). The absorption line 7; 
corresponds to the excitation of a vibratory mo- 
tion that is essentially parallel to the x3 axis. 
Owing to the spread of the wave function in the 
x1 and x2 directions the motion is not confined 
entirely to motion precisely along the x3 axis. 
Owing to the screw twist in the field there is a 
corresponding screw twist in the wave functions 
so the electron tends to screw around in a 
somewhat helical way, following the places 
where the potential energy is least. Suppose now 
the motion is in phase with the electric vector, 
then the velocity will be in phase with E and so 
owing to the particle’s following a somewhat 
helical path there will be a circular current 
aiound the x; axis, in phase with which will 
produce the effective induced magnetic moment 
my, directed along the x; axis and so vectorially 
proportional to the E which produced it. 

The induction of an electric moment vec- 
torially proportional to H but of opposite sign 
as in (4) may also be easily visualized. Suppose 
that H is parallel to the x; axis. Then it corre- 
sponds to a rate of change of flux through the 
x1X2 plane which therefore is accompanied by 
induced electromotive forces tending to make 
the electron move around in the xx2 plane in the 
clockwise, or negative sense, owing to Lenz’s 
law for induced currents. Owing to the helical 
constraints, when the electron does this it is 
caused to move toward the —<x; direction and 
thus to produce an electric moment in the direc- 
tion —H as given by (4). (The foregoing state- 
ments are made for a positive electron—for a 
negative electron the results are the same be- 
cause change in sign not only reverses the 
direction of the forced motion but also reverses 
the sense of the moments resulting from the 
forced motion, corresponding to the occurrence 
of e? in (33).) 


5. ADAPTATION OF THE MODEL TO ACTUAL 
MOLECULES 


The simplest kind of optically active molecule 
conceivable is that in which four different single 
atoms are attached to a central carbon atom. 


762 CONDON, ALTAR AND EYRING 





Such compounds have never been prepared, at 
least not in active form. The next simplest 
type is that in which the four attachments to a 
central carbon atom may be organic radicals, 
as in the case of secondary buty!] alcohol, 


H 
— 

Such a molecule will be characterized by a very 
complicated electronic absorption spectrum, 
lying entirely in the ultraviolet in the case of 
colorless liquids. The absorption spectrum is 
complicated not only because of the large number 
of electronic transitions possible but also be- 
cause of the complexity of structure arising from 
the great variety of vibrational and rotational 
jumps which can be associated with a given 
electronic jump. In the face of such a complex 
situation some simplifying assumptions must be 
made. 

Study of polyatomic absorption in the ultra- 
violet has shown that it is possible in most cases 
to associate a given set of bands with an electron 
transition occurring in a fairly definite part of the 
molecule. The group of atoms or radical in which 
the transition occurs is then said to be the 
chromophoric group or the chromophore for 
that system of bands. 

The optical activity associated with a given 
electronic jump in the molecule arises essentially 
from the cooperation of two factors: (1) the 
electronic jump occurs in the molecule in a 
fairly well-localized place in some definite group 
in the molecule, (2) the electron which makes a 
transition is moving in a force field principally 
due to the immediate atoms to which it belongs, 
but secondarily due to the fields set up by the 
effective charge distributions of the other atoms 
in the molecules. It is the contribution of the 
neighboring atoms to the force field in which the 
chromophoric electron moves which is responsi- 
ble for the optical activity. 

This action of neighboring groups on the 
chromophoric group has generally been called 
vicinal action in a general way. In what follows 
we give a more precise picture of the nature of 
vicinal action. 

Of course any electron in the molecule is the 
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chromophoric electron for those transitions in 
which its state changes. But the important 
electron transitions will be those lying in the 
near ultraviolet which will mean that those 
electrons contained in groups that absorb in the 
near ultraviolet, or in the visible when present, 
will dominate the situation. This statement is 
much nearer the truth here than in the case of 
ordinary refraction for here the contributions 
to B of different bands in the deep ultraviolet are 
of different sign and so tend to cancel whereas in 
ordinary refraction they are all of the same sign 
so the cumulative effect of many of them may be 
considerable. 

Suppose, for example, that the chromophoric 
electron in the near ultraviolet is a bonding 
electron between C and the OH in secondary 
butyl alcohol. Then in the absence of the other 
groups, of if the three other groups were all 
alike, the effective field in which that electron 
would move has the C —O direction as an axis of 
symmetry and would be more extended along 
the bond direction than transverse to it. The 
equipotential surfaces would be shaped like 
rather prolate ellipsoids of revolution. The ac- 
tual space dependence of the potential energy 
would, of course, go asymptotically to a constant 
value like the Coulomb law for large distances. 

Now the behavior of the field at large distances 
does not matter much if we confine ourselves to 
the two lowest states for in these the wave 
functions are essentially confined to a small 
region near the potential minimum. Therefore 
for discussion of the two lowest states it will be 
fairly accurate to represent the effective field 
due to the C and O atoms by a harmonic oscilla- 
tor potential, having the C—O line as an 
axis of revolution. Choosing the C—O direc- 
tion as the Z axis the potential will then be 
approximately 


Vo= 3ki(x2+x27) +4332", (40) 


where the origin of coordinates will be somewhere 
between the carbon and oxygen nuclei at a place 
that can only be made definite on the basis of 
more exact information about the actual molecu- 
lar orbitals in this bond. 

Next we have to consider the way in which 
(40) is affected by the vicinal action of the 
neighboring groups. As a preliminary, consider 
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the potential 
U=[(X1—21)?+(X2—x2)?+(Xs—x3)?]- 


at the position (x;, x2, x3) due to unit charge 
located at X:X2X3. If x:x2x3 are all small com- 
pared to X,X2X;3 as will be the case if x1x2ex3 are 
the coordinates of the chromophoric electron 
and X,X2X3 are those of the distant vicinal 
group, then the potential can be developed as 


ey: i “aan z) 


eee k~ —-(—), (42) 
6 0X 0X ;OX;.\R 


in which summations over repeated indices are 
implied and R=[X°+X2+X;?]!. The constant 
term is of no interest, since the zero of energy 
has to be arbitrarily fixed anyway. The linear 
terms represent a certain general average field 
acting on the electron which will produce a slight 
displacement of the equilibrium position. 

The important terms in (41) for application 
of the results of Section 2 are the quadratic and 
the cubic. The total action of the charge distribu- 
tion in the vicinal groups will be obtained by 
summing (37) over the charges in the vicinal 
groups. The quadratic and cubic terms coming 
from the summed expression may be written 


(43) 


(41) 


1 
$0 ijXiX, + 69 jnXiXjXx. 


These have to be added to (40) to get our ap- 
proximation to the full field in which the chromo- 
phoric electron moves. The terms in (43) are 
supposed to be small compared with those in (41). 

Considering first the effect of adding the 
quadratic part of (43) to (40) we see that the 
resulting harmonic potential will in general be 
one in which the principal axes are tilted with 
respect to the original coordinate axes and in 
which the axis of symmetry has, in general, been 
removed. The tilting of one principal axis (x3) 
away from the bond axis will in general be 
negligibly small if the original field Vo is suffi- 
ciently anisotropic, i.e., if the cross terms a,3 and 
d23 (which cause the tilting) are small compared 
with |ki—ks| in (40). Neglecting this slight 
tilting amounts to neglecting completely the 
@i3, and de; terms. The terms involving ay 
G32 and de. however are important for it is 











these which determine the previously inde- 
terminate principal axes by removing the sym- 
metry of (40) about the x; axis. 

After adding the important quadratic part 
of (40) the dependence of the potential on xix2 
becomes 


3(ki +11) ¥1? +12%1%2 +3 (Ri +22) x2”. 


A rotation of the axes through an angle y 
is described by 


x1=x,' COs y—X2’ sin 7 (44) 
X2=x,' sin y+x2’ cos y 


and the potential energy in terms of the x;’ and 
. 
Xe 18 


4 (ki +a; cos’ y+2ai2 sin y cos 
+422 sin® y)x1”, 


+3 (Rita sin? y—2d12 sin y cos y 
+22 cos” y)x2"", (45) 


provided that y has been chosen to make the 
coefficient of x;/x2’ vanish. The value of y which 
does this is given by 


212 
tan 2y =————__. (46) 


Q11;— 22 


Hence the important effect of the quadratic 
terms due to the vicinal groups is the removal 
of the axis of symmetry of the effective field of 
the chromophoric electron. 

If now one transforms the cubic terms of (43) 
to the coordinate system (x1’, x2’, x3) defined by 
(44) and (46) then the particular term which 
involves the product of the coordinates x;’x2'x; 
is the important one and is the term to be identi- 
fied with the Ax,xex3 term of Section 2. 

At first sight it might seem that all of the 
cubic terms in the potential would contribute to 
the optical activity and it is true that they do in 
higher approximations. But in the first approxi- 
mation of the perturbation theory as used in 
Section 2 the contribution due to each cubic 
term would be linear in the coefficient of that 
term so the first approximation cannot take 
account of the joint action of several such terms. 
On the other hand, of the various kinds of cubic 
terms Ax1%2x3 is the only one which removes 
all the planes of symmetry possessed by the 
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harmonic oscillator potential, and therefore it 
is the only one which produces optical activity 
in the first approximation. For instance the 
potential x;* leaves the x:x2 and x,x; planes as 
planes of symmetry. A combined action of 
(x13+x2*+4;*) in the cubic potential would re- 
move all the symmetry planes in the field but its 
contribution to the rotatory power would not 
appear in the first approximation as it depends 
on the joint presence of three cubic terms. 

To summarize: we suppose the effective field 
in which the chromophoric electron would have 
moved if the vicinal action were neglected to be 
given by (40). As this is simply a formal repre- 
sentation to produce wave functions of approxi- 
mately the correct spatial extent, one has to 
pick k,; and k; in this to correspond to the fre- 
quencies of the lowest electronic jumps for the 
electron, the k’s being related to the v’s by (17). 

In general the bonding electron in this ap- 
proximation will be a = electron and the first 
excited state corresponding to motion along the 
figure axis will also be a = state for the electron 
so k; is the oscillator force constant which gives 
the frequency through (17) of the lowest 2 
electronic transition. Similarly the excited states 
corresponding to excitation of transverse motion 
will be II states so k,; will be chosen to make 7; 
the frequency of the lowest 2—Ti electron transi- 
tion in that chromophore. 

The next step consists in analyzing the prob- 
able charge distribution of the vicinal groups. 
If one had exact knowledge of the molecular 
orbitals this would be given at once by the 
density of the orbitals of the rest of the molecule. 
In the absence of such knowledge one has to try 
to piece together the main essentials by use of 
the results of dipole moment studies. These 
assign measured dipole moments to various 
bonds in the molecule which may be represented 
by net charges on the two atoms at opposite 
ends of a bond chosen so the product of net 
charge by bond distances is equal to bond dipole 
moment. This will be discussed later in con- 
nection with a specific example. 

Finally with a known charge distribution, say 
charges e, located at points X1,, Xe, X3. one has 
to calculate the quadratic terms in the potential 
energy due to the charges of the vicinal group 
as in (41) and (42). This will determine the way 
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in which the axis of symmetry of the chromo- 
phoric field is removed through (44) and (46). 
Finally with axes chosen along the principal 
axes of the quadratic part of the chromophoric 
field of all the cubic potential terms one has to 
calculate only Axix2x3. In this way we see that 
k,; and ks are principally determined by the 
local field to which the chromophore electron 
belongs, while ki: —2 and A are determined by 
the fields of the vicinal groups. 

The discussion may be made more precise by 
writing the explicit formulas for the important 
quantities. Calculating the derivations in (42) 
one finds for the potential energy of an elec- 
tron of charge e in the vicinal field of charges 
Sore err 


1 
eu=650(8X;°~R)—, (48) 
8 R? 
3X 1sX os 
@13=¢€)¢,_——_, (49) 
8 R,? 


and a corresponding formula for d22, obtained 
by substituting 2 for 1 in (48). Then the trans- 
formation to principal axes is given by (45) 
and (46). Finally the coefficient of the cubic term 
in the potential energy Ax,'x2'x; is given by 


X 15'X 05X33 
A=+ lees aly (SO) 


8 


in which X,,’ and X2,’ are coordinates of vicinal 
charges referred to the principal axis coordinate 
system defined by (44) and (46). 


6. APPLICATION TO METHYL PHENYL CARBINOL 
NITRITE 


We next proceed to test our thesis that cou- 
lombic force action from vicinal groups is 
responsible for the term Ax xx; in the potential 
function (14). To do this we compute the rota- 
tory power of the nitrite band and the phenyl 
band in methyl phenyl carbinol nitrite.!° In mole- 
cules containing the nitrite group -O—N=O 
the existence of an absorption band well re- 
moved from the neighborhood of other bands, 
and in the experimentally accessible region 





‘© Kuhn and Biller, Zeits. f. physik. Chemie B29, 1 
(1935). 
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around 3650A, provides a convenient means for 
such a study because here one can identify with 
reasonable assurance what part of the rotatory 
power measured at any given wave-length is 
contributed by that particular band. The nitrite 
contribution appears surprisingly rich in struc- 
tural detail, superimposed on the much stronger 
and slowly varying contribution from the phenyl 
band. The assignment to phenyl follows from a 
comparison with methyl cyclohexyl carbinol 
nitrite, and with methyl n-hexyl carbinol nitrite. 
In both of these cases where the phenyl has been 
replaced by other substituents we find that the 
contribution allegedly coming from the phenyl 
band is suppressed as one would expect from 
this assignment. 

In what follows we adopt with minor modifi- 
cations the general outline given in Section 5. 
In one essential point, however, we allow our 
conception of the nitrite band to differ from an 
assumption made in that section. We regard the 
chromophoric electron which is instrumental in 
the nitrite absorption at 3650A as being iso- 
tropically bound to its equilibrium position; 
isotropically, that is, except for the perturbation 
effect which the electric dipole field from the 
other three groups exert upon it. In view of the 
presence of big charges in the nitrite group itself 
this assumption can hardly be more than an 
approximation. At the same time it is dictated’ 
by the very uncertain way in which these charges 
are distributed with respect to the rest of the 
molecule. Since the distribution varies with the 
free rotation of the ONO group around the 
single C—O bond the actual orientation of the 
“‘unperturbed”’ polarization ellipsoid is extremely 
elusive. If, then, we simply consider the un- 
perturbed problem as threefold degenerate it is 
quite clear that in the perturbed case the orienta- 
tion of all three principal axes will be sensitive 
to the perturbing field, and not merely two as 
was assumed in the last section. The remark 
should be added that, since the rotatory power 
of our model is proportional to the three differ- 
ences between 71, ve and v3, one must expect the 
resulting 8 to be small of higher order in the 
case where the frequencies are different from 
each other merely as a consequence of the 
perturbing field than if they had been different 
in the unperturbed oscillator. 
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In Section 5 it was explained that the nu- 
merical problem is essentially a determination 
of the asymmetry coefficient A of (50), when the 
potential has been referred to three axes x;'x2'x;' 
in which the quadratic terms of V reduce to a 
sum of squares. An isotropic oscillator which will 
absorb at 3650A, the absorption wave-length of 
the nitrite band, has three equal force constants 
ki =k2=k3= 24,000, in absolute units. Thus, to 
second-order terms the potential can be repre- 
sented by 


Ve= Doainxix, = 12,000(x1?+%2?+%37) 
ik 


ee, 
, eer : om dis 2 
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where 6% is 1 or 0 depending on whether 7 and k 
are equal or not. This follows from (38) and (49). 
The second term of the above equation can be 
obtained from a list of coordinates of the indi- 
vidual vicinal charges e, if these charges are 
referred to a right-handed coordinate system 
with the supposed chromophoric electron at the 
origin. We have tentatively chosen this position 
to coincide with the oxygen nearest to the asym- 
metric carbon atom. A list of coordinates and 
charges is given in Table I. The vicinal charges 
have been located at the position of the atoms 
so as to be compatible with the known bond 
moments and interatomic distances. The dipole 
moments used were: +0.35 for the CH bonds, 
—0.85 for the C—O, +0.30 for O—N, —2.15 for 
N =O. The last two moments were determined 
so as to give a resultant dipole moment of 
—1.90 for the nitrite group. All moments are 
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Fic. 1. Dotted curve, experimental [M] values (Fig. 1a 
of Kuhn and Biller, Zeits. f. physik. Chemie B29, 1 (1935)) 
translated into B values. Broken line, estimated contribu- 
tion of bands in far ultraviolet. Full lines, calculated. 
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TABLE I. 








ATOM: Ho He H3 
0.28 





CHARGE: 


X, 0.93 
X; |-— .53 
X; |—1.80 





0.00 
0.00 
— 1.43 





























given in Debye units. Zero bond moment has 
been assumed for the phenyl group. 

Principal axes of U2 as is well known are most 
conveniently determined by solving the homoge- 
neous set of three linear equations 


(d11—k)u+a,+a1;3w=0, 
d2xU+ (do2—k)v+a23w =0, 
A31u+4390+ (a33—k)w=0, 


where k must be determined so that this set has 
a solution different from zero. In other words k 
must be a solution of the secular equation 
|di—64k|=0. For each of the three roots 
ky’, ko’, ks’ there exists one solution of the linear 
set which can be so normalized as to represent 
the direction cosines aii, aig, ais (4=1, 2, 3), 
of the three principal axes. These a, represent 
the matrix of the linear orthogonal transforma- 
tion which provides us with the coordinates 
X,', Xo’, X;' of the vicinal charges in the new 
coordinate system. Using (50) one thus de- 
termines the numerical value of A for the nitrite 
absorption band in methyl phenyl carbinol 
nitrite to be 
A =1.46- 10". 


The new wave-lengths into which the threefold 
degenerate band at 3650 is split are the following : 
4215, 44026 and A3054. With the numerical 
values of A and 1, v2, v3 given one is in a position 
to apply (33) to calculate 6 as a function of the 
frequency of the incident light, and to compare it 
with the experimental dispersion curve as re- 
ported by Kuhn." Fig. 1 gives the experimental 
values together with a theoretical curve which 
was obtained by adding the calculated contribu- 
tion from the nitrite band to the part presumably 
coming from the phenyl band which can be 
fairly well estimated from the empirical curve 
by smooth interpolation (dotted curve). The 


1 W. Kuhn and H. Biller, Zeits. f. physik. Chemie B29, 


p. 1 (1935). See especially Fig. 1. 
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agreement between theory and experiment is 
satisfactory particularly in the long wave range 
of the diagram. As a matter of fact one should 
keep in mind that our oscillator model was 
primarily designed to represent the low energy 
quantum states approximately. But actual 
transitions which involve higher energies than 
hv of the harmonic oscillator are probably not 
well represented by matrices derived from oscil- 
lator eigenfunctions, and the calculated energy 
differences are larger than the transition energies 
in the actual physical system. 

An interesting consequence of the computation 
just given is that it implies an absolute configura- 
tion for the compound discussed. The absolute 
configuration for the methyl phenyl carbinol 
nitrite which we used in the above computation 
of A is 

CHs 

H——ONO 
: 

CH; 
Our computation shows that this should be 
identified with the laevorotatory isomer. When 
chemists relate this compound to other d- or 
l-compounds their absolute configuration will 
automatically follow. 

If one tries to compute the phenyl contribu- 
tion using the assumption that the phenyl 
chromophor is bound isotropically to its equi- 
librium position, with force constants giving the 
absorption band of phenyl at 2600A, one ob- 
tains a value A =0.83- 10", that is considerably 
smaller than was obtained for the contribution 
of the nitrite band. This calculation takes into 
account the perturbing effect of all the other 
three charges, including the nitrite group as 
the latter no doubt is the controlling factor in the 
production of an asymmetric field at the center 
of the phenyl group. The configuration most 
likely to occur on statistical grounds, and at the 
same time the one most effective in producing the 
desired effect is that configuration in which the 
nitrite group lies in the plane through the two 
bonds C,—O and C,—phenyl with the double- 
bonded oxygen in a position closest to the center 
of the phenyl group. In view of the large dipole 
moments of the nitrite group and the high 
polarizability of the phenyl group this configura- 
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tion (or a very similar one) must be quite stable 
compared with others. The result of the calcula- 
tion is instructive in the following detail. It is 
found that only about two percent of the total 
value calculated for A is caused by the highly 
charged oxygen nearest to the phenyl; the reason 
being that its charge determines the principal 
axes of the perturbed polarization ellipsoid to 
such an extent that, lying almost exactly in one 
of the new coordinate planes it contributes prac- 
tically nothing to the sum See,R,~7X 1.’X 0,’ X 3. 
On the other hand, our assumption that the 
phenyl chromophor is isotropically bound is far 
more objectionable according to all that is 
known about the electronic structure of the 
benzene ring, than was the analogous assumption 
in the case of the nitrite chromophor. -As the 
phenyl electron is actually much more stiffly 
bound in the direction at right angles to the 
ring than in the other two directions, it will 
offer a certain amount of resistance to tilting of 
its principal axes, with the result that the oxygen 
will lie well away from all three coordinate 
planes and thus will contribute generously to the 
asymmetry factor A. In this connection it is 
interesting to see in a simple way how much a 
given charge e, at a given distance R, can at best 
contribute to A. Since the optimal position for 
e, is to make equal angles with all three principal 
axes of Us, it is easily seen from (50) that with 


X,' =X =X;' = R/(3)}, 
ee, 229.5e; 
R4(27)! sR 


é; in 10~"° e.s.u., 





A mux = (5/2) 10°, 


Rin A. 


Since the double-bonded nitrite oxygen repre- 
sents a charge of —1.76-10- e.s.u. at a distance 
R=2.05A, we find that its contribution to A 
might under favorable circumstances reach a 
value as big as 23X10". Rapidly diminishing 
optimal contributions are obtained for the other 
charges as their distance from the phenyl grows 
bigger (Amax=4.9X10"° for N, and =1.13-10!° 
for O,). On the whole one sees from this over-all 
estimate that a potential reservoir of rotatory 
power is available in our model of this com- 
pound which is easily sufficient to account for 
the observed big rotations associated with the 
phenyl! group. 
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7. QUANTUM MECHANICS OF CIRCULAR 
DICHROISM 


Closely associated with optical activity is the 
phenomenon of circular dichroism which is ob- 
served experimentally as the Cotton effect.” 
The quantum-mechanical formulation of this 
effect is a fairly obvious extension of the ordi- 
nary theory of absorption transition probabili- 
ties but, as it appears not to have been worked 
out explicitly before, it is perhaps useful to work 
it out here. 

The effect in question is that the absorption 
coefficients for right and left circularly polarized 
waves are different for the absorption bands 
which contribute to the optical activity. It may 
be worked out either by the original theory" in 
which the fields of the light wave are regarded 
as causing transitions, or by the quantized field 
method due to Dirac.'* We shall use the former 
method as this involves somewhat simpler 
equations. The end result is the same by both 
methods, of course. 

Suppose then the light wave is represented by 
a vector potential 


A=3[A exp [sE(t—k-r/c)/h] 
+A exp [—iE(t—k-r/c)/h]], (51) 


in which E=hy and » is the frequency of the 
light. The interaction energy of the light wave 
and the charges in the molecule is represented 


by 
H=- (e/mc) VAs pi— (e/mc) US: (curl A);, (52) 


the sum being over the various electrons in the 
molecule. The second term represents the direct 
interaction of the spin magnetic moment with 
the magnetic vecor of the light wave. 

Let the molecule be initially in quantum state 
a and the light wave begin to act at =0. Then 
for £>0 we can write 


¥=y¥(a) exp [—iWat/hJt+yi(a) (53) 


and the dynamical equation of quantum mechan- 


12 Cotton, Ann. chim. phys. 8, 347 (1896). 

18 Schrédinger, Ann. d. Physik 81, 109 (1926); Slater, 
Proc. Nat. Acad. 13, 7 (1927); Pauling and Wilson, Quan- 
tum Mechanics, p. 302. 

4 Dirac, Proc. Roy. Soc. Al12, 661 (1926); Al14, 243 
(1927); or Quantum Mechanics, second edition, Chap. XI. 


ics for ¥:(a) is 
re) 
(26-10) (0 = — Hy(a) exp (—tWat/h), (54) 


where Hy is the Hamiltonian of the unperturbed 
molecule. This has to be solved with the initial 
condition, ¥i(a)=0 for t=0. The solution is 
found in the usual way. Expand the right side of 
(54) in a series of unperturbed wave functions. 


— Hy (a) exp (—tWat/h) = (1/2) (6) 


Xexp (—iW.t/h)[(b| H+ |a) expi(WeatE)t/h 
+(b|H—|a) exp i(Wea—E)t/h] (55) 


and assume for y¥(a) a similar expansion. The 
coefficients are then determined to satisfy (54) 
and the initial condition. The result is 


¥i(a) = (1/2). (0) exp (— tW at/h) 
b 





(b| 1+ |a)(exp [4(Weat+)t/h}—1) 
>| aa 
(b| H—|a)(exp [4(Wea—E)t/h]—1) 
, (Wsa—E) | 





(56) 


Here Wi.= Wi— W. and the coefficients in (55) 
are given explicitly by 


(6| Ha) = f H00)(Zle/me)p. 
Xexp (+7k-r;E/hc)p(a)-A 


iE 
a f J(b)(X(e/me)S:)¥(a)-(kXA), (57) 
he i 


in which A is to be written for A when the lower 
sign is used, the retardation of the wave has 
been neglected in the smaller spin term of the 
third line, and f§ means the usual integration 
over the entire configuration space involved in 
calculating matrix components. 

In (56) if Wea>0 as is the case in absorption 
only the term in (6|H—|a) is important owing 
to the resonance denominator. Assuming £ 


almost equal to Wie so Wi,—E=A, a small ; 


quantity one may write 





V1 


Sa 
WI 


|( 
he 


W 
OV 
br 
th 





+), (54) 


‘urbed 
initial 
ion is 
side of 
>tions. 


(57) 


- lower 
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ing E 
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vila) = (1/2)¥(b) exp [—7 Wot /h) 


(b| H—|a) sin At/2h 
x ~-27 exp (7At/2h). 
A 





The probability that the molecule is in state b 
at time ¢ is given by the absolute square of the 
coefficient of ¥(b) in ¥:(a). The transition prob- 
ability therefore is 


sin? At/2h st \? 
P(a—b) = |(b|H—|a ——(—) . 
(a—b) = | (| |@) | (ar/amy? \ 2k ) 


This is exactly the same as in the usual theory 
where the retardation of the light wave is 
neglected. Hence there is no need to repeat the 
standard treatment of (58) here. The next step 
is to consider (6|H—|a) more closely. By ex- 
panding the exponential function in (57) and 
saving only the first two terms this can be 
written 


: act : - EWwra 
(b| H— \a)=(i/hc)W,.(b| p|a)-A-— 


2h*c? 





-(b|N\a)-A+(éE/he)(b|m|a)-(kKXA), (59) 


in which p and m are electric and magnetic 
dipole moments as in section 1 and N is the 
electric quadrupole moment. The quadrupole 
moment term may be neglected for present 
purposes as it contributes nothing to circular 
dichroism. Neglecting the quadrupole moment 
term we see from (59) that the reduction of (58) 
will proceed exactly as in the usual theory ex- 
cept that (b|p|a)-A will be replaced by 


(b| p|a)-A+(E/W,.)(b|m|a)-(kxXA). (60) 


As the square of’ the magnitude of (b| H—|{a) 
appears in (58) this means that in place of 
\(b|p|a)-A|* in the usual discussion we have 
here 


'(b|p|a)-A|?+2(E/W,.)R 
X {A-(a|p|b)(b|m|a)-(kxXA)}. (61) 


We have now to consider the average of this 
over all orientations of the molecules. For 
brevity write P=(a|p|b) and M=(b|m|{a) in 
the following calculations. The first term is 


|P-A|?= | (Pi+7iP2)-(Ai+7A2) |? 
= (P,-A1)?+(Pi-A2)?+ (Pe: Ai)? 
+(P2-Ae)?+(Pi-A:P2-As+P2:AiP;-A2). (62) 


The average of (P,-A;)* aver all orientations of 
P; is (1/3)PA;? and similarly for the other 
three terms of this form. For the last two terms 
in (62) we use the identity 


P,-AiP2-As+P2-AiPi-A2=(PiXP2)- (A: XA2). 


Averaging over all directions for P; and P» with 
a fixed angle between them amounts to averaging 
over all directions of (P; Pz.) so the term on the 
right vanishes. Hence on averaging the last two 
terms of (62) cancel so the first term of (61) can 
be written 


(1/3) | (b|p|a)|?| Al? 


The second term of (61) can be averaged as fol- 
lows : the dyad PM multiplied into (kx A) gives a 
vector along P which when averaged over all 
values of P making the fixed angle with M gives a 
vector along M of amount P- M)M- (kX A) where 
Mp is a unit vector in the direction of M. When 
this is averaged over all values of M which make 
a fixed angle with (kA) the result is a vector 
along (kX A) of magnitude P-M cos? @ where @ is 
the angle between M and (kXA). Averaging 
over all values of @ one has Avge [cos? 6]=4 so 
the average of PM: (kX) is a vector of magni- 
tude 1P-Mk XA hence the average obtained is 


Avge {A-PM- (kx 4)} =(1/3)P-MA:(kXA). 
Now writing A=A,+7A,2 one has 
A- (kX A) =i[Ao-(KXA1)—A1-(kXA2) ], 
so this factor is pure imaginary and therefore on 
taking the real part as needed for the second 
term of (61) only the imaginary part of P-M will 


come in. In particular if the wave traveling in 
the k direction is circularly polarized then 


A=(1/v2)A (i+ij), (63) 


where A is a real amplitude and where the upper 
sign represents right, the lower left circularly 
polarized light. For this one has 


A=(kXA)=+iA?. 


Hence finally the averaged form of (61) can be 
written 
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(1/3)A*[|(6|p|a) |? 
F 2(E/Woa)Im{(a|p|b)-(6|m|a)}], (64) 


where the upper sign applies for right, the lower 
for left circularly polarized light. 

Hence the mean absorption transition prob- 
ability ¢ will be the same as when retardation is 
neglected. But the difference between the two 
kinds will be in the following ratio to the mean 


_, » Im{(a/p)o)-(b|mja)} 
| (b|p|a)|? 


in which e,; and e¢, are written for the absorption 
transition probability for right and left circu- 
larly polarized light respectively. 

These calculations provide the quantum- 
mechanical proof of Natanson’s rule” previously 
obtained by classical methods. The rule is: 
if an absorption band absorbs left-circularly 
polarized light more strongly than right, then 
it contributes dextro-rotation to the medium for 
frequencies lower than that of the absorption 
band. 

The results follow by comparing (65) with a 
combination of (7) and (10) resulting from 
elimination of 8. 


és" 6, 








€ Vba 


8. ROTATORY STRENGTH AND ANISOTROPY 
FACTOR 


In numerical discussions of the rotatory dis- 
persion formula it is convenient to have a handy 
measure of the contribution of a given band to 
the rotatory power. For the absorption line 
a— this is measured by 


R(b, a)=Im{(a|p|b)-(o|m|a)} + (66) 


where we shall call R(}, a) the rotational strength 
of the line a—d. It has the same dimensions as the 
ordinary line strength,® (a|p/b)*. It will be 
convenient to measure R(d, a) in atomic units, 
that is, to measure p in units of ea where a is the 
radius of the first Bohr orbit, and m in Bohr 
magnetons. Both of these units are rather large 
for the quantities to be measured so we shall 
expect R<1 in general. 

Conventionally ¢ is given in degrees/deci- 
meter and what is conventionally called the 


4’ Natanson, J. de phys. 8, 321 (1909). 
16 Condon and Shortley, The Theory of Atomic Spectra 


(Cambridge, 1935), p. 98. 










molecular rotatory power M is 
[M]=(¢/p)M/100, (67) 


where ¢ is in degrees per decimeter, p is in 
gram/cm* and M is the molecular weight. 
Hence the connection between [ /] and ® is 


[M]=(18/1)@ (68) 
so, combining (8) and (10) one has 


(MJ } 
= 24N(h/pc)? X 
(1/3)(n?+2) b Mq—v 


Roav? 





(69) 





Here Ry, is expressed in atomic units. The coeff- 
cient in (69) has the numerical value 


24.N(h/pc)? = 21,700. (70) 


It is easy to calculate the value of the rotatory 
strength of an absorption band from the dis- 
persion data as usually given by using (69) and 
(70). As an example consider Hunter’s data?’ on 
d-sec-octyl alcohol. This extends from 6708 to 
3650 and is represented by 


4.08 
[Mj=———_, 
4?— 0.0283 


where \ is in microns. Hunter has measured the 
refractive index ” and from his data we find 
that (1/3)(m?+2) is 1.34 at \6438 and 1.36 at 
3650 so this factor is essentially equal to 1.35 
throughout the range. One has therefore 


cM] 3.02 106.90? 
(1/3)(m?-+2) 2—0.0283 35.4—0? 





where o is the wave number in reciprocal microns. 
Hence comparing with (69) one has that the main 
absorption band is at \1680 and the strength 
of this is 


Ria = 106.9/21,700 = 4.92 X10. 


In this way it is easy to calculate the rotatory 
strengths of the absorption lines when a rotatory 
dispersion formula is given. 

Kuhn!’ has introduced another way of describ- 
ing the rotatory strength of an absorption band 
by means of what he calls the anisotropy factor. 
Although the definitions he gives are in terms 


17 Hunter, J. Chem. Soc. 123, 1671 (1923). 
18 Kuhn, Trans. Faraday Soc. 26, 300 (1930). 
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of his coupled oscillator model it is readily seen 
that they amount to the following: the oscillator 
strength of the absorption line vy. is defined as 
the dimensionless number 


f(b, a) = (8274 /3e?h) vea|(a|p|b)|%. (71) 


Then Kuhn defines the anisotropy factor g(b, a) 
for this line as 


g(b, a)=Im{(a|p|)-(b|m|a)}/|(a|p|)|?. (72) 


The relation of Kuhn’s anisotropy factor to our 
rotatory strength is then 


f(b, a)g(b, a) =(214/3)(a/rva)R(b, a), (73) 


in which R(8, a) is expressed in atomic units, a 
is the radius of the first Bohr orbit and Xs, is the 
wave-length of the absorption line a—b. Thus 
the product fg is generally smaller by a factor of 


one to three thousand than the rotatory strength 
R(b, a). 


9, THE CONTRIBUTION OF SPINS TO OPTICAL 
ROTATION 


If a molecule contains an even number, 2n, 
of valence electrons they can be paired in 
(2n)!/n!2" ways to give this number of dis- 
tinguishable singlet bond eigenfunctions corre- 
sponding to each particular electronic configura- 
tion. To the very good approximation that the 
various operators for spin commute with the 
energy operator (i.e., neglecting magnetic inter- 
actions which are responsible in atoms for the 
fine structure) we can write down a bond function 


DL +P ei(xiyizi: - Zn) 
II (a:8;—a;6:) ] 


all bond 
pairs 


a 
((2n) !)! 


for each one of the (2”)!/n!2" ways of choosing 
the m bonds. Here ¢; is a function of space co- 
ordinates only and 
pa (a8, — a;8i) = gi 

pairs 
of spins alone. The antisymmetrizing operator 
~+FP indicates summation over all permutations 
of the electrons in the product gig; taking the 
positive sign for even and the minus sign for odd 
permutations. This antisymmetric B; satisfies 
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the Pauli principle. Of these singlet bond func- 
tions only (2m)!/n!(n+1)! are linearly inde- 
pendent. Now the lowest energy state of mole- 
cules having an even number of electrons is 
always a singlet so that the expression for optical 
activity will involve the term 


Im > (n|r|n’)-(n’|L+28|n), 


where m indicates the singlet bond function B,, 
which therefore satisfies the equation 


S?B,, =0B, =S,S,B,4+8,S,B,+8,S,Bn. 


Since each term after the last equality is zero 
or positive, each must be zero, so that 2(iS,+jS, 
+kS.)B,=0. Thus spin will not contribute to 
the optical activity of unexcited molecules con- 
taining an even number of electrons. Since it is 
never possible to obtain excited molecules in 
sufficient amounts to contribute to optical 
activity, even if the spin were effective, the spin 
from such molecules never need be considered. 

Next consider the case where there are 2n—1 
electrons, n still being an integer. Actual ex- 
amples are provided by free radicals. States of 
lowest energy as before correspond to maximum 
electron pairing. Corresponding to each of the 
B; functions for 2n electrons we now have a bond 
function’ 


Bi’ =(1/C(n—1)!}) + PLoi' (x1- - -2n-1) 
Ok aes (aiB;— @;B;) | 


n—1 
bond pairs 


which contains one unpaired electron and there- 
fore satisfies the equation S,B,’=(h/4r)B;’. 
Still another set B’’ which satisfy the equation 
S,B"’ = —(h/4r)B;’’ is obtained by replacing 
a; by 6; in each B;’. Again consider the quantity 
Im{Z(m|r|n2’)-(n’|L+2S|n)}. Now 


2SB,! =2(iS,+jS,+kS,)B,’ 
= (1/[(n—1) P'!) + Ploen' (x1 + +21) 
-2(i8.+ j(7Bx) +Kaz) it (a8; — a,B;) ]. 


n—1 
bond pairs 


Thus if both B’,- and 


B,! are real (n’|2S|n)=] > B’,2SB,'dr 
spin 
space 





contains an imaginary term only if in B,’ and 
B’, the odd electron is assigned to an a state 
in one eigenfunction and a £ state in the other; 
but in this case (|r|m’) is zero because of this 
difference in spin of the odd electron in the 
initial and final states. 

The only way then that 


Im{2(n|r|n’)-(n’|2S|n)} 


can be different from zero (for real eigenfunc- 
tions) would be for. Im(m|r|n’) to be different 
from zero for the transition but this is impossible. 
However, suppose B,’ or B’,- contains an 
imaginary part. Since the operator H is real 
both the real and imaginary parts of any com- 
plex B;’ is separately an eigenfunction of H as 
one sees immediately by equating both the real 
and imaginary part of the corresponding Schréd- 
inger equation to zero. There is therefore 
no loss in generality in assuming all B’s to 
be either purely real or purely imaginary 
functions. Suppose now one of the B’s is imagi- 
nary then the preceding argument about 
Im{(n|r|n’)-(n'|2S|n)} being zero can be 
taken over completely since the only effect is 
to multiply the result for real eigenfunctions 
by —1. Similarly if both eigenfunctions are 
imaginary the only effect is to multiply them 
by +1. Thus we have shown that to the approxi- 
mation in which magnetic terms in the energy 
can be neglected the spins do not contribute to 
optical activity. 

It follows from the above formulations and 
from the fact that r and L are each the sums of 
terms involving only one electron that exactly 
the same value is obtained for the optical 
activity when the ¢’s are used to calculate the 
matrices for r and L as when the antisymmetric 
B’s are used. This is an important simplification. 
It is useful to make one further simplification 
which is justified by the observation that most 
transitions are satisfactorily described as single 
rather than multiple electron jumps. Thus we 
write o(x1 +++ Zn) =Wi(x1y121)W2(Xe2 + ~~ Zn) where 
Yo(x2 +++ Z,) is unchanged in the transition and 


so can be integrated out before calculating the 
matrix components for r and L. It is this ap- 
proximation which forms the basis of our present 
treatment. 
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10. THE ABSOLUTE CONFIGURATION OF 
SECONDARY BuTyL ALCOHOL 


The procedure which we have applied to 
methyl phenyl carbinol nitrite leads to a definite 
statement for the absolute configuration of any 
molecule where the charge distribution about 
the chromophoric electron is known. Where the 
total rotatory power can be analyzed into the 
contribution from the different chromophoric 
electrons the theory provides a way of checking 
the assigned structure since a single assignment 
of charge distribution must give correctly the 
optical activity of all the different chromophoric 
electrons of the molecules. Such crucial tests 
will help to establish the range of validity of the 
present theory. 

At least three determinations of the absolute 
configuration of butyl alcohol have been pub- 
lished. We indicate the configuration of butyl 
alcohol by the structural formula 

CH 
HO-C-H 
GH, 
Configuration (J) 
where the full lines indicate that H and OH lie 
in the plane of the paper and the dotted lines 
joining CH; and C;H,; to C indicate these groups 
lie below the plane of the paper. Boys’ rule 
applied to this configuration leads to the dextro- 
rotatory assignment. Kuhn” on the other 
hand using the theory of coupled oscillators 
comes to the conclusion that this isomer is 
laevo-rotatory. Finally Kirkwood,”! concludes 
this isomer is dextro-rotatory in agreement with 
Boys. 

While we shall use our theory to calculate the 
absolute configuration of secondary butyl alcohol 
it is of interest to consider another method of 
obtaining this same information. Schwab, Rost 
and Rudolph” report that dextro-rotatory quartz 
partially covered with copper or nickel provides 
a catalyst which dehydrates laevo-rotatory 
secondary butyl alcohol faster than the dextro- 


19 Boys, Proc. Roy. Soc. A144, 655 (1934). 
20 Kuhn, Zeits. f. physik. Chemie B31, 18 (1935). 
*t Kirkwood, J. Chem. Phys. 5, 479 (1937). 
as Rost and Rudolph, Kolloid Zeits. 63, 157 
4). 
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rotatory form. Now quartz is known to crystal- 
lize in the form of spirals in which silicon and 
oxygen atoms alternate. Each spiral is connected 
with neighboring spirals since each silicon is 
bound to 4 oxygens and each oxygen to two 
silicons. Now there are right- and left-hand 
quartz spirals and they rotate plane polarized 
light in opposite directions. If some means can be 
devised to determine the absolute configuration 
of quartz, then as we shall see, a proper inter- 
pretation of experiments such as those of 
Schwab, Rost and Rudolph will fix the absolute 
configuration of secondary butyl alcohol. 

First suppose that when water is removed 
from secondary butyl alcohol** the reaction 
may be represented as follows: 


» "% 
O O 
| | 
Si Si 
| - | rd 
O O O O 
a NSF 
Si Si 
WA aN Fd ™ 
H--O O-—H H-O O-H 
i . 
H-C _ C-—H 
| | 
H CH ) 


+H-CaC—Cis (74) 
Ho 

Suppose further that the butyl alcohol react- 
ing belongs to configuration (J). Then as viewed 
normal to a plane passing simultaneously 
through the reacting H and OH and through 
the two carbon atoms to which these atoms are 
attached the molecule has the properties of a 
left-hand screw, since the ethyl group occupies 
more space than the hydrogen attached to the 
same carbon atom. If as we now explicitly as- 
sume there is an increased activation energy 
due to the steric hindrance of nonreacting groups 
then such a left-hand screw alcohol should 
react faster with right-hand quartz since screws 
of unlike sense fit along side of each other better 





*® Schwab, Rost and Rudolph imply that the butylene 
formed from the dehydration of secondary butyl alcohol 
has the double bond in the 1,2 position but do not say 
they have investigated this point. 
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than like screws. Such a consideration relates 
the configuration of the alcohol to that of the 
quartz. Two different methods for arriving at 
the absolute configuration of macroscopic hemi- 
hedral crystals such as quartz can be suggested. 
(1) As Pasteur demonstrated long ago it is 
frequently possible to pick out the two kinds of 
optically active crystals by the fact that different 
faces are developed on the two kind of crystals. 
The identification is then completed if crystal 
faces can be related to the structure of the crys- 
tal. Thus this problem resolves itself into an 
investigation of the factors responsible for the 
growth of crystal faces and avoids optical theory 
entirely in establishing absolute configuration. 
Such a method could of course be applied to 
any optically active crystal such as the tartrates 
thus avoiding uncertainties in deducing relative 
configurations. We now consider the second 
method. 

(2) Optical theory can be applied directly to 
the crystal to deduce its absolute configuration. 
We leave to a future time the application of the 
present theory to quartz and accept provisionally 
Hylleraas’* application of the Born coupled 
oscillator theory in which he finds that right 
spiraling 6-quartz is dextro-rotatory. Assuming 
this same relation holds for the slightly different 
low temperature a-quartz we are led by using 
our other considerations to the decidedly pro- 
visional result that laevo-rotatory butyl alcohol 
has configuration (J). This would be in agreement 
with Kuhn. While this result must be regarded 
as purely tentative it seems of very considerable 
interest to develop further both theoretically 
and experimentally this approach to absolute 
configuration because of the light it throws on 
surface reactions and optically active synthesis. 

We now examine in more detail some of the 
steps in the preceding argument. Suppose that 
the dehydration of configuration (J) actually 
results in the formation of a double bond 
between the second and third carbon atoms 
instead of 1-2 butylene as we first supposed. 
Examination of the model shows that this can 
occur by the OH giving off with either of the 
two hydrogens on the third car on atom. In the 
mechanism we will call (1, the four carbon 
atoms will lie in a plane so that such a molecule 

*4 Hylleraas, Zeits. f. Physik 44, 871 (1927). 
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would react equally well with either right or 
left quartz. Thus whatever part of the reaction 
goes this way cannot be responsible for the 
observed differential rate and is therefore not 
interesting for optical activity. It is very likely 
that steric repulsions between the hydrogens 
on the end carbon atoms are responsible for 
reducing the importance of this mechanism. 
The product of such a mechanism would be 
2-3 cis butylene. 

By mechanism (2) 2-3 trans butylene will be 
the product and configuration (J) can be seen, 
by examining a model to behave like a right 
screw so that by our former assumption, of 
fastest reaction between unlike screws, it should 
go fastest on left spiraling quartz. Thus if 2-3 
trans butylene (and not 1-2 butylene) is the 
chief decomposition product in the Schwab, 
Rost and Rudolph experiment then keeping 
our tentative assignment of the absolute con- 
figuration of quartz we would conclude that 
configuration (J) is the dextro form. 

The preceding discussion then suggests that 
experiments designed to answer the following 
questions will be particularly valuable. 

(1) Is the product of dehydration of secondary 
butyl alcohol 1-2 or 2-3 butylene and, if the 
latter, is it cis or trans? 

(2) What is the function of the metal in the 
dehydration? 

(3) Is the rate of dehydration of the secondary 
alcohol slowed down by replacing nonreacting 
radicals in the molecule by larger substituents? 

From the point of view of the catalytic theory 
it is particularly significant that the spiral 
character of quartz in bulk still persists in the 
surface layer. 

We have made a provisional calculation of the 
rotatory power of butyl alcohol considering only 
the contribution from the hydroxyl as chromo- 
phoric group. The configuration adopted is that 
of (J), the carbon atoms are numbered in order 
along the chain with the OH group on Cz. 


CONDON, ALTAR AND EYRING 


Hydrogen atoms 0 and 1 are on C,, 3 is on C,, 
4 and 5 are on C; and 6, 7, 8 on C, while H, 
is the hydrogen of the hydroxyl group. The 
assumed coordinates of the atoms are given in 
Table II. Here the coordinates are given in 
angstrom units. The charges assumed for the 
atoms are (in 10~— e.s.u.): given in the last line 
of the table. This set of charges and coordinates 
determines the principal axes of the quadratic 
potential terms in accordance with the following 
linear transformation 


u= —0.9797x+0.510y +0.19392z, 
v= +0.0015x —0.9691y+0.2465z, 
w= +0.1999x+0.2398y+0.94982, 


in terms of which it is found that the dissymmetry 
coefficient has the value, A =2.8153- 10". If the 
unperturbed force constant is chosen so that 
the longest wave-length absorption band is at 
1620A (this is the critical frequency in the 
empirical one-term dispersion formula) the three 
calculated frequencies associated with the three 
axes become, 


Vv, = 2.3873 -10", v, = 1.8518- 10", 


Vw = 2.2568: 10". 


These lead to a theoretical value of the parameter 
B which is 
6 =3.644-10-* 


as the contribution of the hydroxyl group to 
rotatory power at the NaD line wave-length. 
The experimental value of 8 calculated from the 
observed rotatory power by means of (6) is 
B=1.40-10-*5. This value of course includes the 
contribution from all electrons and is the average 
effect allowing for all configurations assumed 
under conditions of more or less free rotation 
about the bond axes. The large discrepancy may 
of course mean that the one-electron model is of 
secondary importance in this case. On the other 
hand other possible configurations and assump- 
tions concerning the unperturbed state would 
give a much more favorable result. Thus a 


TABLE II. 








Hs | Hs Hs 


He | Hz 
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—0.92 | +0.92 
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moderate change in the difference between v, and 
v» would introduce a power of ten and a more 
favorable relation of the principal axes would 
help very much. We shall consider these possi- 
bilities more fully at a later time. 


11. OTHER CONSEQUENCES OF THE 
THEORY 


The known dipoles of various bonds lead us to 
locate charges on the atoms from which we can 
calculate the contribution to the potential 
coming from these coulomb forces. Other con- 
tributions toward rotatory power will arise from 
the coupling of the chromophoric electron with 
other electrons in the molecule. It is this latter 
effect which in the past has been considered to 
the complete exclusion of other mechanisms. 
Wherever charges are present both mechanisms 
undoubtedly contribute to the total effect. 

Empirically it has been known” for some time 
that there is a relationship between total dipole 
moment and optical activity.Furthermore Rule*® 
has attempted to relate optical activity to the 
constituent moments particularly with respect 
to their size and propinquity to the optically 
active carbon atom. From the theory presented 
here we are compelled to postulate the existence 
of such relationships in a definite quantitative 
way. Particularly large effects are to be expected 
wherever the chromophoric electron is closely 
and asymmetrically surrounded by ions such as 
are found in ionic crystals (quartz, cobalti- 
oxalate crystals, etc.) Another effect the quanti- 
tative treatment of which falls naturally within 
the scope of this approach is the large change 
caused by polar and polarizable solvents on 
rotatory power. This effect interpreted in accord 
with the present formulation makes it possible to 
apply optical activity in a quantitative way to 
the study of liquid structure. As Wolf and 
Volkmann,” Beckmann and Cohen” and others 

** Betti, Trans. Faraday Soc. 26, 227 (1930). 

*6 See Lowry, Optical Rotatory Power, pp. 326 et seq. 


*? Zeits. f. physik. Chemie B3, 139 (1929). 
*8 Beckmann and Cohen, J. Chem. Phys. 4, 784 (1936). 


have pointed out it is due to the electric forces 
originating from solvent dipoles surrounding the 
active molecules. We now readily understand 
that such forces will change the potential in 
which the chromophoric electron is moving 
without having to postulate, as Beckmann and 
Cohen do, an actual distortion of the molecular 
frame. 

A polar solvent tends to form a compound 
with highly charged parts of the optically active 
molecule; in so doing it partially neutralizes 
these charges thereby reducing the rotatory 
power. Thus the general effect of polar solvents 
should be to lower optical activity except in 
special cases where enhancement results from 
neutralization of charges which were themselves 
previously acting to lower the optical activity. 
These expectations are born out by experiment.” 

Comparatively small changes in charge dis- 
tribution may in fact lead to large changes or 
even reversal of sign of the asymmetry coeffi- 
cient A. Thus when the shape of the molecule is 
not rigidly fixed the over-all rotatory power of 
the compound will show great sensitivity to all 
factors which modify the statistical weight of 
particular configurations. The classical example 
for this is furnished by tartaric acid and its 
salts and esters where free rotation about single 
bonds is restricted by steric effects and com- 
pound formation. This results in the well-known 
temperature and concentration anomaly. 

Our thesis that any dispersion electron is 
made optically active whenever it is brought into 
a dissymmetric field provides a clear explanation 
of ‘‘induced optical activity”’ in the sense dis- 
cussed by Lowry in cases where the dispersion 
electron is not directly attached to an asym- 
metric center. The carbonyl group in sugars 
is a striking example of this possibility. In such 
a case as this the asymmetric influence cannot 
be transmitted by way of bonds so that the 
conclusion seems inescapable that the effect 
is a coulombic one transmitted through space. 


29Lowry, Optical Rotatory Power (Longmans Green 
1936), p. 350. 
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The absorbing and reflecting powers and the dispersion of different concentrations of HCl, 
LiCl, NaCl, KCl, KBr, Lil, KI, ZnIz, MgSO., KOH and H2SO, were measured in the spectral 
region of 50u to 150u. The results are discussed in terms of, (1) Maxwell’s equations in which 
the inertia of the ions is included, (2) the influence of ions on the absorbing power of water 
molecules, (3) the electrical conductivity for high frequency electromagnetic fields, (4) the 
radius of ions, (5) the hydration of ions and (6) the validity of Stokes’ law for the microscopic 


process involved. 





INTRODUCTION 


HE interaction between radiation and mat- 

ter can be interpreted in terms of the 
displacements of electric charges. Although 
spectroscopy has been mainly concerned with the 
motion of bound charges and the application of 
quantum theory, there are important problems 
to be solved which deal with the translational 
motion of charges in an electromagnetic field. 
Probably the reason why spectroscopy has not 
turned to more of these problems is due to the 
experimental difficulties; namely, the necessity 
to measure absolute intensities rather than just 
the positions of eigenfrequencies, which often 
suffice for quantum theory problems. The experi- 
mental work on the translation of charges has 
been almost entirely limited to the movement 
of free electrons in metals under the action of 
infrared radiation and the movement of electro- 
lytic ions due to static fields and short radio 
waves. In the present investigation, we have 
studied the motion of several ions under the 
influence of infrared radiation from 50y to 150u 
by determining the reflecting and absorbing 
powers and hence the dispersion of electrolytes. 
We will be concerned mainly with the following 
problems: (1) Under what conditions does the 
inertia of an ion become dominant in hindering 
its movement in an alternating electric field as 
the frequency is varied? (2) Are the ions bound 
in a quasicrystalline structure so that a char- 
acteristic frequency of oscillation exists which 
corresponds to the reststrahlen frequency of an 
ionic crystal? (3) What is the effective mass and 
radius of an ion in an electrolyte; or, how many 


* Now at Massachusetts Institute of Technology. 


water molecules are bound to an ion? (4) Do the 
anomalously high electrical conductivities of H+ 
and OH™- ions and especially small electrical 
conductivities of Lit and Mgt** ions, as observed 
with a static field or radio waves, also occur 
under the influence of infrared radiation? 

One difficulty in applying any theory to the 
motion of ions in an electrolyte is the value to be 
assigned to the intensity of the electric field ; that 
is, the validity of the formula, E=(n?+2)F/3, 
for determining the microscopic field about an 
ion from the macroscopic field that is measured. 
In this respect, measurements of conductivity 
with infrared radiation seem particularly favor- 
able because the dielectric constant, «=n?, is 
considerably smaller in the infrared than for 
radio waves or a static field and hence a smaller 
error should be introduced in calculating the 
effective field acting on an ion. 


SIMPLE THEORY 


We will assume that the motion of an ion in 
an electromagnetic field satisfies the equation: 


mdv /dt+ pu =eEe***, (1) 


where m is the mass of the ion of charge e, Ee‘ 
the intensity of the alternating field and p is the 
frictional force for unit velocity. The frictional 
force, p, partly takes account of forces existing 
between the ions and surrounding water mole- 
cules, but we will neglect any resonance phe- 
nomenon. The current, J, which is produced by 
the electric field is: 


I=Zev=Ze*Ee*“'/p=AEe*, (2) 


where Z is the number of ions per unit volume 
and A is the specific conductivity of the electro- 
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lyte. Solving Eq. (1) under these conditions 
gives : 


A=Ze?/(p+iwm), (3) 
which shows that when 
v9 =C/No = wo/ 27 = p/2rm, (4) 


the frictional force and the inertia of an ion are 
equally effective in hindering its motion in an 
alternating electric field of frequency v or wave- 
length Xo. For longer wave-lengths, the inertia 
becomes less important. Using Stokes’ law for 
the frictional force, 

p=6rnr, (5) 


where 7 is the viscosity of the electrolyte and r 
is the radius of the ion, Eq. (4) becomes 


ho = mce/3nr. (6) 


Assuming no water molecules to be tightly bound 
to the ions, inserting the usual values for m and 
rin Eq. (6) shows the order of magnitude of 
hos to be Aci- = 30u, Ax+=—50y, Asi- = 70u and 
\y- = 100u. 

The electrical conductivity of the ions is 
determined from the absolute intensity of ab- 
sorption; that is the proportion of the electro- 
magnetic radiation that is converted into heat 
by the ions. Writing Maxwell’s equation as 


we AA 1) —tA4rA 
(“+ =) Betet=(«— ) Bei 
Cc Cc Cc w 


=Curl He‘, (7) 








and using complex values for the dielectric 
constant, e, and the index of refraction, , 


é=€—t4rA/w= 7 =n?(1—ia)?=n?—i4rA/w. (8) 


Equating imaginary terms in expression (8) 
using Eqs. (3) and (4) for A and v give: 


n4rnav = (2Ze?/m)[ v9/(v? + 0) J, (9) 
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Fic. 1. Theoretical absorption of an ion as a function of 


wave-length. 


where na is the absorption coefficient of an 
electrolyte due to the presence of ions and m is 
the index of refraction of the electrolyte for radi- 
ation of frequency v. When vy, (y%=p/2rm), 


nArnav = 2Ze?/mvy=4nZe?/p=2Ze*/3nr, (10) 


where in the last expression, Stokes’ law of 
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Fic. 2. Reststrahlen apparatus. 


friction (p=67nr) is assumed. For a frequency 
v=vo the value of m4rnav should be just half as 
great as given by Eq. (10). 

From Maxwell’s equations it follows that the 
electrical conductivity is related to the absorp- 
tion coefficient by the relation : 


A=nnavp. 


(11) 


In Fig. 1 is shown the electrical conductivity, 
obtained from Eqs. (9) and (11), due to a single 
kind of ion as a function of frequency. Naturally 
we must always deal with the simultaneous 
action of two kinds of ions for which the o's 
are in general different and therefore the ob- 
served conductivity should be the sum of two 
curves as shown in Fig. 1. 


APPARATUS AND EXPERIMENTAL CONDITIONS 


Figure 2 shows schematically a top view of the 
reststrahlen apparatus used for obtaining mono- 
chromatic radiations of 52u, 63, 83u, 100u, 1174 
and 152yu. A small Auer gas mantle protected by 
a water-cooled envelope served as a source of 
radiation. The radiation was periodically inter- 
rupted by a shutter of NaCl which was only 
opaque to wave-lengths longer than 20u. The 
radiation then entered an hermetically sealed 
box, in which the air was dried with P,O,, 
through a paraffin window, W,, of 2 mm thick- 
ness and was reflected from mirror M, of 
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roughened aluminum. After being reflected from 
the spherical mirror M2, the radiation was 
reflected downward at an angle of less than 10° 
to the vertical by a plane mirror M; and passed 
through a window of paraffin, We, of 1 mm 
thickness. The radiation was brought to a focus 
at M, where it was again reflected. It then 
proceeded by a symmetrical path through the 
paraffin window W; and was reflected by mirrors 
M; and M, to fall on the reststrahlen crystals 
M;, Ms, My and My. The radiation was finally 
condensed by mirror M,, on one receiver of 
a compensated thermocouple after it passed 
through a thin paraffin filter, W,, and a window 
of crystalline quartz, W;. 

For reflection measurements, the liquids to 
be studied and a mirror of evaporated tin were 
mounted on a horizontal disk that could be 
rotated externally to bring‘a liquid surface or 
the tin mirror to position M,. The reflection at 
M,, occurred in a separate compartment that was 
sealed by the paraffin windows W2 and W;. 

For transmission measurements, windows W2 
and W; were removed and the electrolyte 
‘contained between two plates of crystalline 
quartz, each 2 mm thick, was mounted between 
M, and M;. By an external mechanism, the 
absorption cell could be replaced by a comparison 
plate of crystalline quartz 4 mm thick. 

The reststrahlen crystals were all mounted on 
two large disks that could be turned externally 
so as to change the wave-length of the radiation. 
The vacuum thermocouple was constructed with 
bismuth alloy wires with two active junctions 
and two compensating junctions. Two types of 
receiving surfaces were tried with about equal 
success. For one pe, typowdered glass was put 
on the front of a thin gold receiver. For the 
other, thin glass with a back surface of evapo- 
rated gold was used. The main feature of the 
thermocouple was a very careful compensation 
for eliminating zero-drift. Besides constructing 
the active and compensating junctions and the 
receivers as nearly alike as possible, an added 
compensation was obtained by using a resistance 
across the more sensitive pair of junctions. 
Actually the drift was reduced by a factor of 
1000 by the use of the compensating junctions 
instead of only the active ones and the size of 
the deflections were reduced only 40 percent. 


CARTWRIGHT 





1C. H. Cartwright, Zeits. f. Physik 90, 480 (1934). 








The galvanometer was of special construction 
with the moving system very carefully balanced. 
It had a period of 10 seconds and was mounted 
on a vibrationless support having internal 
damping. The galvanometer deflections were 
read by a parallel-plate optical amplifier which 
was constructed so that first-order drifts were 
automatically eliminated. 

The essential features of our reststrahlen 
apparatus were the precautions taken to avoid 
impurities in the desired spectrum due to short 
wave-length radiation, the protection of the 
liquids studied from direct radiation from the 
source, the mechanical facilities for changing 
the liquids being measured for reflection and 
transmission, the mechanical means for changing 
the reststrahlen crystals in a dry atmosphere 
and the stability of the galvanometer readings. 
By measuring the transmission of NaCl when 
two metal mirrors replaced two reststrahlen 
crystals, it was estimated that less than 0.01 
percent of the desired radiation was due to 
short wave radiation. The inaccuracy of the 
measurements was of the order of 1 percent for 
transmission and 0.1 percent for reflection. The 
best precision was obtained for 100u for which 
the galvanometer deflection was about 130 mm 
for reflection from the tin mirror and about 65 
mm for the transmission of the empty absorption 
cell. These values correspond to a scale at 5 m 
distance from the galvanometer; the average 
Brownian motion fluctuations amounted to 
about 0.1 mm for the galvanometer we used. 

The reststrahlen crystals were of NaCl (52y), 
KCI (634), KBr (83), TIC] (100u), TIBr (117,) 
and TII (152). The average wave-length of the 
radiation obtained by the method of reststrahlen 
depends somewhat on the particular apparatus; 
since the actual radiation obtained depends on 
the energy distribution of the source, the 
absorption of the atmosphere, the roughness of 
the reflecting surfaces, and the absorption of the 
windows and filters. We determined the average 
wave-lengths obtained from our apparatus by 
measuring the transmission of crystalline quartz. 
In Fig. 3 is shown a curve for the absorbing 
power of crystalline quartz obtained with a 
grating spectrometer ;! the short horizontal lines 
give the values obtained with the reststrahlen 
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apparatus. Taking into account that when the 
absorbing power of a medium is changing as a 
function of wave-length, any lack of strict 
monochromacy produces an apparently smaller 
absorbing power, the values for the wave-lengths 
obtained agree well with the maxima reflecting 
powers of the salts. The reststrahlen radiation 
obtained from TICI is usually taken as 92u but 
in our case 100u corresponds better to the 
absorption of crystalline quartz. This difference 
is not surprising when we consider that the re- 
flecting powers of thallium salts are not nearly 
so well defined as for NaCl, KCl and KBr; this 
is illustrated by the dotted curves in Fig. 3.? 
The precautions we took to purify the spectrum 
of short wave-length radiation shifted the aver- 
age wave-length from 92u to 100 after four 
reflections. The effectiveness of thallium salts 
for reststrahlen is however much greater than 
appears from the curve in Fig. 3 because the 
intensity of the radiation diminishes very rapidly 
with wave-length. 

From the transmission measurements, the 
absorption coefficient, ma, of an electrolyte was 
calculated for each wave-length by the usual 
formula : 


T=Ie-**"*d/2, (12) 


where J is the intensity of the radiation trans- 
mitted by the quartz cell containing a thickness 
d of an electrolyte and Jp is the intensity trans- 
mitted by the comparison quartz plate. To 
account for the loss by reflection from the two 
surfaces quartz-liquid and liquid-quartz, J in 
Eq. (12) should be multiplied by a factor 


1-C) I. 
Nagtn 

where nm, is the index of refraction for quartz 
and n that of the liquid. In Table I are given 





(13) 


TABLE I. 


Ain p 52 63 83 100 117 152 
vinem=! 192 159 120 100 85 66 
No 226 222 29 258 217 2.6 














the values of 1, for crystalline quartz as meas- 
ured by Rubens.’ As will be seen from the data 
7H. Rubens and H. V. Wartenberg, Berlin Ber. 69 


(1914). 
*H, Rubens, Berlin Ber. 556 (1917). 
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to follow, the differences between n and n, are 
sufficiently small for the electrolytes we studied 
to justify neglecting the factor (13). The re- 
flections air-quartz and quartz-air as well as the 








Fic. 3. Reststrahlen reflections and quartz absorption. 


absorption by the quartz were taken into account 
in Eq. (12) by using the comparison quartz 
plate. Any multiple interference between the 
two surfaces of the electrolyte can be neglected 
because of the small reflection of liquid-quartz 
and the large absorption of the electrolyte. 
Multiple reflections between the outer quartz 
surfaces of the comparison cell can also be 
neglected due to the thickness of the quartz 
plates compared with the resolving power.* 

The index of refraction of an electrolyte was 
determined from the reflecting power, R, and 
the absorption coefficient, ma, by the usual 
formula, 


» (n—1)?+n?a? 
7 (n+1)?+n2a? 





(14) 


which can be rewritten to facilitate calculation 


as: 

R+1 (/R+1\2 

n=——_=|(——) —na'—1| . (15) 
R-1 \\rR-1 


A technical difficulty occurred in measuring 
the absorption of electrolytes between 50u and 
100% due to the strong absorption of water. 
Rather than rely on the thickness of abdéut 20u 
spacers between the quartz plates comprising 
the absorption cell or to measure the thickness 
of the electrolyte each time by interference 
methods, we determined the absorption coeffi- 
cients of the electrolytes for a thickness of 
d=34.6u at \=117y where the absorption coeffi- 


*C. H. Cartwright and M. Czerny, Zeits, f, Physik 85, 
269 (1933). 





TABLE II. 




















































































































































































































HO 2 Normal KBr 
Nin pw 52 63 | 83 |100 117 152 %R 8.64] 10.80] 11.60] 12.91 | 13.70 | 14.25 
yin cm=! 192 159 |120 |100 85 66 % Trans. (d =38.2y) 19.0 
% R (Average) 9.30| 10.74] 11.75] 12.28 | 12.80 | 13.40 % Trans. (d =9.3u) 34.1 | 37.0 | 49.2] 61.5 | 66.5 | 70.0 
na (Average) 0.48} 0.51] 0.47| 0.370] 0.337] 0.388 na 0.48} 0.54] 0.50} 0.418] 0.406) 0.465 
4rnayv in cm~ 1160 |1020 |710 |464 (362 (|320 n 1.62} 1.75] 1.85} 2.01 | 2.07 | 2.08 
n (Average) 1.68 1.77} 1.89) 2.01 2.04 2. 
6 Normal Lil 
6 Normal HCl 
R 9.95| 10.72] 12.08] 13.39 | 14.86 | 16.01 
%o R 13.71) 15.71) 17.15) 18.45 | 19.50 | 20.05 é Trans. (d=38.2n) | 44] 46] 6.1 | 13.4 | 19.4 | 21.9 
Zo Trans. (d =34.6y) 14.2 % Trans. (d=18.4y) | 20.2 | 22.0 | 27.5 | 38.6 | 45.3 | 49.2 
Yo Trans. (d=18.24) | 7.5 | 8.0 | 20.5 | 28.5 | 35.7 | 40.0 na (Average) 0.36) 0.41] 0.47) 0.416] 0.401] 0.475 
na 0.59 0.70} 0.58} 0.545} 0.526} 0.607 n 1.82 1.85 1.92 2.05 2.16 2.22 
n 1.94} 2.01] 2.17] 2.35 | 2.45] 2.44 
3 Normal HCl 3 Normal Lil 
% R 11.37) — | — | 15.70] 17.12 | 17.90 % Trans. (d =38.2y) 23.0 
&% Trans. (d =34.6n) | — — ita eee — na 0.359 
na = —_ one = 0.446, — 
n —— _— oa = 2.31 _- 
4 Normal KI 
6 Normal LiCl 
coca % R 8.40] 8.53| 9.97] 11.78 | 13.48 | 15.41 
% Trans. (d =38.2p) 16.4 
% R 11.20] 12.73] 13.28] 13.39 | 13.40 | 14.40 % Trans. (d=12.84) | 28.6 | 30.3 | 39.1 | 47.0 | 54.5 | 58.0 
% Trans. (d =38.2) 26.6 na 0.40 0.47; 0.49) 0.470) 0.442) 0.509 
Y, Trans. (d=10.5u) | 33.7 | 37.0 | 52.0 | 63.4 | 69.3. | 73.7 n 1.67} 1.62} 1.75} 1.89 | 2.04] 2.14 
na 0.43) 0.48] 0.41) 0.345] 0.324] 0.353 
n 1.87; 1.96] 2.04] 2.08 | 2.09] 2.15 " ia 
2 Norma 
3 Normal LiCl 
% Trans. (d =38.2yp) 19.9 
na 0.394 
% Trans. (d =38.2y) — 
na .329 
14.8 Normal ZnI2 
5 Normal NaCl 
% Trans. (d =38.2p) 21.1 
na 0.380 
% R 11.04) 13.30] 14.20] 15.45 | 16.68 | 17.40 
% ae (d =38.2y) . 15.9 an 
% Trans. (d=10.5u) | 23.5 | 26.9] 40.1 | 51.4 | 60.0 | 64.8 7 E 
&% Trans. (d=19.1n) | 6.5 | 10.0 | 19.4 | 29.3 | 39.7 | 45.9 14 Normal Zals 
na (Average) 0.58 0.61; 0.57) 0.510) 0.450) 0.496 = 
n 1.73) 1.89) 2.01) 2.14] 2.27 | 2.30 %R 10.82) 12.14] 12.70] 13.49 | 14.68 | 15.31 
% a. " =38.2u) . ‘ 24.5 
ee &% Trans. (d=20.9u) | 11.0 | 13.6 | 25.4] 41.3 | 46.2 | 50.0 
2.5 Normal NaCl na 0.44 0.48] 0.43) 0.337) 0.344] 0.401 
n 1.84 1.91] 1.98} 2.09] 2.18 | 2.20 
% R noire 10.10} 12.20} 13.10] 13.98 | 15.56 | 15.78 
Y Trans. (d =38.2p 20.7 : 
& Trans. (d=13.7p) | 19.4| 21.4 | 35.2 | 47.9 | 56.8 | 62.0 4 Normal MgSO« 
% — (d =20.5p) 10.1 1 18. 22.2 32.9 43.0 48.4 — 
na (Average) F 3 5. A ’ 0.426 . 
n 1.74 1.86| 1.98] 2.00 2.22 2.22 r oa. (d =38.2p) 12.00} 13.25) 13.48) 13.94 _ 14.60 
Y, Trans. (d = 19.5) 10.8 13.1 | 25.8 | 42.8 | 53.9 34 
e na 0.47} 0.52} 0.46] 0.346] 0.296] 0.3: 
3 Normal KCI n 1.91} 1.97] 2.03} 2.08] 2.12 | 2.13 
% R 9.30} 10.91] 12.42] 13.55 | 14.32 | 14.83 . 
& Trans. (d =38.2y) 15.8 2 Normal MgSO. 
Y Trans. (d =9.1p) 30.8 | 33.1] 45.5 | 54.5 | 64.6 | 69.2 
na 0.54, 0.61] 0.57} 0.532) 0.451) 0.491 ; 
n 1.62} 1.67| 1.85} 1.98] 2.09] 2.11 % Trans. (d =38.2y) 26.6 
na 0.324 
1.5 Normal KCl on smanee es? 
a orma 
%R 9.26} 11.32] 12.17] 13.20 | 14.43 | 14.60 - 
& Trans. (d =38.2p) 19.8 % R 11.70} 13.50] 13.80] 15.00 | 15.95 | 16.80 
&% Trans. (d =9.2p) 33.4 | 35.2 | 50.0 | 62.5 | 67.7 | 70.6 % Trans. (d =34.6y) 20.3 
na 0.49 0.57} 0.50! 0.406) 0.395) 0.457 Y Trans. (d =20.5y) 72 9.2 | 20.0 | 31.1 38.8 42.5 _— 
n 1.66 1.76] 1.90] 2.03 | 2.13} 2.11 na 0.53} 0.58] 0.52) 0.455] 0.430] 0.507 
n 1.83} 1.93] 2.01] 2.14] 2.23 | 2.25 
4 Normal KBr = ssones 
3 Norma 
% R 8.28] 10.82] 11.90] 13.78 | 15.00 | 16.05 
% Trans. (d =38.2y) 15.6 %R 073) — — | 13.60 | 14.51 | 15.45 
Y Trans. (d =8.9y) 34.9 | 36.6 | 48.8 | 59.0 | 64.8 | 66.7 % Trans. (d =34.6p) 25.2 
na 0.49] 0.57] 0.53] 0.474] 0.454] 0.552 na 0.372 
n 1.53} 1.72] 1.84] 2.04] 2.14] 2.16 n 2.15 
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D | 14.25 
70.0 
06} 0.465 
7 2.08 
6 | 16.01 
21.9 
49.2 
D1} 0.475 
6 2.22 
59 
8 | 15.41 
58.0 
42) 0.509 
4 2.14 
94 
80 
8 | 15.31 
50.0 
44| 0.401 
8 2.20 
0 | 14.60 
58.1 
96| 0.338 
2 2.13 
24 
5 | 16.80 
42.5 
30| 0.507 
3 2.25 
1 | 15.45 
72 
5 
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TABLE II (Continued). 








2 Normal H2SO,4 




















%R 10.7 11.8 | 12.8 | 13.8 15.1 15.8 

% Trans. (d =34.6p) 20.7 

% Trans. (d =21.0y) 7.0 8.5 | 15.5 | 29.2 38.5 44.0 

na 0.53 0.59; 0.59) 0.47 0.42 0.47 

n 1.75 1.78} 1.87) 2.07 2.87 2.19 
6 Normal H2SO« 

%R 13.1 14.7 16.2 17.0 5 19.7 

% Trans. (d =34.6p) 15.2 

% Trans. (d =21.4y) 3.7 4.7 13.0 | 23.5 31.2 35.2 

na 0.64 0.72; 0.63) 0.54 0.51 0.59 

n 1.85 1.88) 2.11] 2.27 2.38 2.42 
12 Normal H2SO;, 

%R 16.8 18.7 | 19.6 | 21.0 22.5 23.6 

% Trans. (d =34.6p) 11.5 

% Trans. (d =21.0z) 2.0 3.2 10.3 18.8 26.9 29.9 

na 0.77 0.82} 0.71) 0.63 0.58 0.70 

n 2.02 2.13} 2.33} 2.53 2.66 2.69 























cients change rather slowly with wave-length 
and the absorption coefficients are considerably 
less than for shorter wave-lengths where the 
broad water band occurs. Then a thinner spacer 
of platinum was used and its thickness was 
calculated by formula (12) by again measuring 
the transmission at \=117uy. 


EXPERIMENTAL RESULTS 


In Table II are recorded for the different 
reststrahlen frequencies, the reflecting power, R, 
the transmission of an electrolyte of thickness d, 
the absorption coefficient of the electrolyte, na, 
and the index of refraction, n. 


DISCUSSION 


1. Absorption of water 


In order to apply Maxwell’s equations to the 
movement of the ions in an electrolyte, it is 
necessary to subtract the effect of water from 
the observed quantities. As a first approximation, 
we shall make the assumption (A) that the 
absorbing power per molecule of water is the 
same in an electrolyte as in pure water; that is, 
we shall first calculate the absorption due to 
ions by the formula: 


(n@) ions = (NA) mes. — (Cna)x,0, (16) 


where the concentration, C, will be taken as the 
volume of water per volume of solution. This 
concentration as well as the results of other ways 
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of calculating concentration is tabulated in 
Table III along with the viscosity and electrical 
conductivity measured in a static field. 

In Fig. 4A are shown the values of n4rnav 
(vy is expressed in cm~) for the ions only as 
calculated according to the assumption under- 
lying Eq. (16). 

To correct more accurately for the water 
absorption which unfortunately plays a great 
réle, it is necessary to understand the causes for 
the absorption due to the water. In Fig. 5 is 
shown the absorption coefficient for liquid water 
and we can distinguish between two types of 
absorption: one type due to a broad absorption 
band and one type causing a regular increase in 
the absorption coefficient. The broad absorption 
band, as shown by other investigations,® can be 
attributed to intermolecular origin and we shall 
at first assume that this absorption is not 
altered by the presence of ions.» The more 
general type of absorption is well accounted for 
by the Debye theory of dipole orientation for 
which 
(17) 
We shall assume that at \=152u the water 
absorption is entirely due to the orientation of 
dipoles and this gives the constant (17) a value 
of 3.20 (v is expressed in cm~ and » for water is 
0.01). In Fig. 4B are shown the values of the 
absorption due only to ions as calculated by 
the formula 


4rnavn=constant. 


(na) ions — (NQ) mes. 
—C[(na)u,o —(320/4rv)(1—1/n)], (18) 


where for » we will take the viscosity of the 
electrolyte. In this formula we make the addi- 
tional assumption (B), that the presence of ions 
does not alter the intensity of the broad absorp- 
tion band in water but the absorption by the 
water molecules due to dipole orientation de- 
pends on the viscosity of the electrolyte. For 
electrolytes of high viscosity, the values in Fig. 
4B differ considerably from those in Fig. 4A and 
the absorption as a function of wave-length, 
even allowing for inaccuracies, is in general much 
different from the addition of two curves of the 
type shown in Fig. 1. Most of the curves in 


Fig. 4A and 4B indicate that the presence of 


°C, H, Cartwright, Nature 136, 181 (1935). 





C. HAWLEY CARTWRIGHT 





oo 
e 


2 
a— 
iT —aeen 
= ——_—_——_ ——® 
- —o 
a ee 
a itieanckehielatiicsiacn ie 





4 


6nKOH © 
4nkKBro 


ye AnKl @ 
a 3n KQ 
7" a 


=" i 4 4 4 + in 


ane 





PERCENTAGE REFLECTION By Lons ONLY, 


‘ 6n Hee 
wag 6n 2504 


al 


én Lil 
—8 74n an lh 


2nH2S04 
6nLic2 


An Nig SOx 


—— 


i 4 i —— i 
200 cm" 150 100 50 
CacuLatep By Assumprion (A) 

















2n H2S04 





— a 


Oo ——+ + + +$—+—+——+ 
Z2O00ce' 150 100 50 
Ca.cucareo By Assumprion (8B) 





Fic. 4. Absorption due to ions only in various electrolytes as calculated by subtracting the ab- 
sorption due to water molecules from the observed absorption of the electrolytes. 


ions in general increases the intensity of the 
broad absorption band in water. 


2. The reflection due to ions 


Figure 5 also shows the reflecting power of 
water and it is to be observed that the broad 
absorption band does not influence the reflecting 
power very much; rather the reflecting power 
can be almost entirely attributed to an orienta- 
tion of the permanent dipoles. Thus a study of 
the reflecting power of the electrolytes should 
aid in distinguishing the absorption due to ions 
from the absorption due to the water. 

In Fig. 6A is shown the percentage of re- 
flection due to the ions only as obtained by the 
formula 

Rions = Rimes, — (CR)x,0, (19) 


which corresponds to the assumption (A) under- 
lying the data in Fig. 4A. 

In Fig. 6B is shown the percentage of re- 
flection due to the ions only as obtained by the 
formula 


Rions = Rimes. — (CR) u,0/Msolution; (20) 


assumption (B), which takes into account the 
findings of Rubens that the reflecting power 
depends on viscosity. Fig. 6B therefore corre- 
sponds to Fig. 4B. 

Figures 6A and 6B show that the reflecting 
power due to ions is much more in harmony 
with the assumptions underlying the theoretical 
curve in Fig. 1 than was in general obtained 
from absorption measurements. This we inter- 
pret as additional evidence that in general the 
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Fic. 5. Reflecting and absorbing power of water. 


presence of ions increases the intensity of the 
broad absorption band in water. 
3. Electrical conductivity and ionic radius 


In Table IV are given the values for the 
equivalent electrical conductance as calculated 








9 





n4mnav FOR IONS ONY 
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CALCULATED BY ASSUMPTION 4” 





from formula (11). The calculations were made 
for \=117yu and 152y so as to avoid as much as 
possible the influence of the water absorption 
band. A comparison with the conductivities 
observed for static field in Table III shows our 
values to be in general too small, especially 
when we consider that formula (11) assumes 
v&Kvp; for v= the electrical conductivity should 
be twice as great. This can also be expressed by 
saying the ionic radii measured by infrared 
absorption are smaller than the accepted values. 
In Table IV is shown the average radius of the 
two types of ions in each electrolyte as calculated 
from formula (10) ; taking into account the effect 
of the inertia of the ions would make the ion 
radii in Table IV even smaller. 


4. Resonance frequency of ions in an electrolyte 


It is conceivable that the ions in an electrolyte 
are bound in a potential field so that an excessive 
absorption occurs for electromagnetic waves near 


50 


= | 

















x 
CALCULATED BY ASSUMPTION "8B" 


FIG. 6. Reflecting power of ions only as a function of wave-length. Calculated by subtracting the reflecting 
power of water from the measured reflecting power of various electrolytes. 
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the resonance frequency. A resonance phe- 
nomenon was not taken into consideration in 
the simple theory we gave and this might 
explain the rather high values obtained for the 
electrical conductivity and the apparently small 
ion radii. The difficulty in accounting for the 
influence of the water molecules weakens the 
evidence that our data on conductivity and ion 
radius show an effect of resonance; but other 
data strengthens the hypothesis that resonance 
might occur and occurs in the spectral region 
we investigated. 

There are several independent types of analysis 
that indicate the molecules in a liquid are bound 
in a quasicrystalline structure due to inter- 
molecular fields. In the case of water, the two 
broad bands around 20u and 60y can be at- 
tributed to an oscillation of the hydrogen atoms® 
(this is in addition to the three fundamental 
frequencies of the water molecule found in the 
near infrared). The fact that salts dissolve in 
water also indicates that the ions in an electrolyte 
are subjected to strong electric fields. Assuming 
the field to be the same on an electrolytic ion as 
on the atoms in water this would give a resonance 
frequency for 

Nin p= 20M}, (21) 


6 C. H. Cartwright, Phys. Rev. 49, 470 (1936). 


CARTWRIGHT 


where M is the atomic weight of the ion con- 
sidered. This formula therefore predicts an 
excessive absorption for many ions in the 
spectral region we investigated ; especially con- 
sidering that in an electrolyte, any effect due to 
resonance if it occurs would probably cover a 
considerably broader spectral region than is 
observed for ions in crystals. Let us recall too 
that the ions we studied when in the crystal 
state have their resonance frequencies in or near 
the spectral region investigated here. To really 
answer the question of resonance it is of course 
necessary to consider analytically a model and 
take into account that the type (such as neon 
or argon type) and the radius of an ion would 
influence the field; however, as a first approxi- 
mation, it can be assumed that the resonance 
frequency for heavy ions would in general lie at 
longer wave-lengths than for light ions. Our 
data support this assumption, especially for 
iodine ions. 


5. Spectral properties of H+ and OH- 
Special considerations deserve attention for 


ions of H+ and OH™- (and possibly SO.) 
because of permanent dipoles. It has been rather 
conclusively established that H+ does not exist 


alone in an electrolyte but forms an ion of H;0*.’ 


7M. Kolthoff, Rec. Chem. des Pays-Bas 49, 401 (1930) 











TABLE III. Electrolytes. 
cc H2O PER SPEc. Equiv. Eguiv. ELEc. 
Eguiv. 100 cc WEIGHT MOLAR ELEC ELEc COND. FOR 
ELECTROLYTE| NORMALITY SOLUTION VoL. Conc. Conc. Conc. VISCOSITY Conpb. Conpb. INFINITE DIL. 
% % % 
HCl 6 87.9 14 19.8 10.9 0.014 0.77 128 379 
“ 3 94.1 7 10.4 5.4 0.012 0.64 215 ‘ 
LiCl 6 89.5 42.3 22.0 10.8 0.022 0.17 28 99 
- 3 94.0 6.1 11.7 5.4 0.018 0.13 45 
NaCl 5 89.3 13.1 24.6 9.2 0.018 0.21 43 109 
= 2.5 95.0 6.6 13.2 4.5 0.014 0.15 60 
KCI 3 90.7 11.1 19.8 5.6 0.010 0.27 88 130 
_ iS 95.5 5.5 10.5 2.8 0.010 0.14 93 : 
KBr + 84.9 17.2 35.9 7.8 0.010 0.34 85 132 
5 2 92.6 8.7 20.4 3.8 0.009 0.19 95 jh 
Lil 6 78.0 20.3 50.6 12.2 0.022 0.22 37 96 
a 3 89.0 10.0 31.0 5.7 0.016 0.16 52 
KI 4 80.3 21.2 45.0 8.3 0.010 0.35 88 131 
35 2 90.4 10.6 26.9 3.8 0.009 0.20 100 
ZnI2 14.7 49.0 50 83 35 — 0.06 4 fae 
i 7.4 75.0 Zo 61 15 0.036 0.05 7 
MgSO, 4 97.6 8.4 19.8 6.9 0.048 0.05 12 110 
ia 2 99.2 4.3 10.8 3.5 0.020 0.04 21 
KOH 6 92.0 15.1 26.8 10.5 0.012 0.56 90 136 
se 3 96.9 7.8 14.7 5.3 0.011 0.43 142 ‘ 
H.SO, 2 96.4 3.3 9.3 1.8 0.013 0.36 183 
Ma 6 88.4 15.4 25.0 6.7 0.018 0.72 120 383 
oi 12 75.0 30.0 44.0 12.6 0.03 0.63 LS 
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Hueckel and Fowler have given two interpreta- 
tions for the anomalously large electrical con- 
ductivity of H+ and OH~- but both agree on 
proton jumps accompanying the migration of 
these ions. Recently Wannier® has given a 
quantum-mechanical interpretation for the pro- 
ton jumps which is based essentially on the 
Hueckel theory which takes into account a 
Debye dipole orientation of these ions. 

It is questionable that proton jumps would 
influence the infrared properties of electrolytes 
but the dipole orientation of an ion should 
produce a general absorption such that 


4rnav=a constant depending on the 
dipole moment, (22) 


in excess to the absorption of a simple ion. 

Our data on KOH indicate a general absorp- 
tion in agreement with formula (22) but show 
no particularly large absorption; however, our 
data on ions of H+ show evidence of an excess 
absorption and reflection. Following the theory 
of dipole absorption for ions of H+ or more 
accurately H;O+, the effect of dipoles of HzO and 
H,0+ should be treated separately. Since the 
formation of H;O+ ions results in a diminution 
in the number of HO molecules, an excess 
absorption over that of simple ions would mean 


that the electric moment of H;O0+ is greater than 
of H,O. 


6. Hydration of ions 


For static fields, as shown in Table III, the 
electrical conductivities of Mgt+ and Lit ions 
are relatively small and this can be interpreted 
as evidence that these ions are hydrated or if 
we assume that all ions are hydrated then more 
hydrated than is usual for an ion. The fact that 
electrolytes containing Mg and Li ions are 
abnormally viscous is also most easily explained 
by assuming there are strong binding forces 
between these ions and surrounding water 
molecules. 

The theory we have given does not take into 
account any direct interaction between the water 
molecules and ions such as might be the case if 
hydration occurs. Let us recall that the dis- 
tinction between assumptions (A) and (B) is 
that the latter assumes a change in viscosity 


*G. Wannier, Ann. d. Physik 24, 545 and 569 (1935). 
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TABLE IV. 
EQUIVALENT EQUIVALENT 
ELECTRICAL REFLECTING | AveraGE ION 
CONDUCTANCE, POWER, RADIUS 
Equiv- A R 108 cm 
ALENT 0.001 Nor. 0.001 Nor. 
Nor- 
ELECTRO- | MAL- 
LYTE ITY (A) (B) (A) (B) (A) (B) 
HCl (§ 250 330 130 190 0.4 0.3 
3 270 400 180 250 0.5 0.3 
LiCl 6 15 170 40 140 4 0.6 
NaCl 5 160 300 110 210 0.5 0.3 
2.5 120 320 120 260 0.7 0.3 
KCl 3 230 230 90 90 0.4 0.4 
1.5 120 320 120 110 0.5 0.5 
KBr 4 250 250 120 110 0.7 0.7 
2 250 150 100 20 0.7 1.0 
Lil 6 130 270 90 180 0.5 0.3 
KI 4 250 250 110 150 0.6 0.6 
ZnIe 74 70 200 70 170 0.6 0.2 
MgSO. 4 —50 300 40 300 large 0.1 
KOH 6 130 180 70 110 1.0 0.8 
3 100 170 80 120 1.5 1.0 
H-SO 2 300 650 150 300 0.4 0.2 
alii 6 220 420 130 220 0.4 0.2 





























- due to the presence of ions changes the degree 


to which the water dipoles are oriented by an 
electromagnetic field. If the properties of the 
ions and the water molecules are to a first 
approximation additive, then we might expect 
hydrated ions to reflect and absorb less than 
simple ions and have relatively large ionic radii. 
Our data in Table IV as calculated according to 
assumption (A) rather indicate that these ions 
are hydrated but when calculated according to 
assumption (B) they do not. 

We shall leave the question of hydration for 
with it arises again the question of ionic reso- 
nance as well as the influence on the absorption 
by the water molecules. Without an analytical 
model it is difficult to estimate the influence 
hydration would have on the infrared spectral 
properties of electrolytes for it depends on the 
potential functions. The effect might not be 
very great in the spectral region we investigated. 
Previous observations on effects attributed to 
hydration, it should be considered, are for rela- 
tively slow motions. Thus liquid water displays 
spectroscopically two distinct aspects, one per- 
taining to its crystalline properties in the region 
of \=20u and \=60y and one pertaining to its 
dense-gaseous properties which are especially 
pronounced in the spectral region around \=1 
cm. 

It seems a criterion for deciding between 
assumptions (A) and (B) and whether it is 
permissible to neglect hydration or other inter- 
actions between the ions and water molecules 


would be to consider the effect of ionic concen- 
tration. Unfortunately the data in Table IV do 
not give a unique answer; but, considering the 
difficulties in making absolute measurements in 
this region of the spectrum and the possibility 
of accumulative errors in calculating, the data 
in general justify the assumption that the 
properties of the ions and water molecules are 
additive. 


7. The validity of Stokes’ law of friction 


Calculating the motion of ions in the electro- 
lytes due to the intensity of radiation of the 
infrared frequencies we used shows that the 
displacement of the ions is small compared with 
10-8 cm. Therefore it is not altogether justified 
to apply Stokes’ law of friction, which was 
derived for macroscopic processes, to the micro- 
scopic phenomenon we investigated. 

We introduced Stokes’ law as a means of 
determining the ion radii and possibly it is not 
surprising that our values are somewhat too 
small. However, it is to be observed that Stokes’ 
law at least gives the right order of magnitude 
for the ion radii; or stated otherwise, the calcu- 
lated frictional forces acting on the ions are in 
fair agreement with Stokes’ law. 
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The electrical conductivity of ions we obtained 
without taking account of their radii was greater 
than is observed for static fields. This might 
indicate that Stokes’ law can be applied to both 
static and very high frequency fields for calcu- 
lating ion radii but the effective radii depend on 
frequency. In view of the difficulties already 
mentioned in assigning a value to the absorption 
due only to the ions, it seems possible that we 
have overestimated their absorption and hence 
obtained in general too high values for the elec- 
trical conductivities. However, if such were the 
case it would mean that Stokes’ law of friction 
can be used very well for even microscopic 
movements of ions in electrolytes. 
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The Absorption Spectrum of Diacetylene in the Near Ultraviolet. II 
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The absorption spectrum of diacetylene has been reinvestigated with an instrument of 
higher dispersion. The bands in the region \\2970—2650A are sharp and narrow, and very 
closely spaced. Two progressions with a frequency difference ~690 cm have been found. 
Those below \2650A are very diffuse, but with a comparatively simpler gross structure. Ten 
progressions all with a frequency difference ~2100 cm™ have been found. Through a brief and 
qualitative discussion of the normal vibrations and symmetry properties of the molecule, the 
frequency differences ~2100 cm™ and ~1900 cm™ are respectively ascribed as the totally 
symmetrical v’-=-(s) and unsymmetrical v’-=-(a) longitudinal frequencies in the excited state. 
The frequency ~635 cm is assigned as one of the fundamental frequencies in the normal 
state, since bands with this frequency difference were relatively intensified at higher temperatures. 


N a recent communication! (which will here- 
after be designated as I), the results of our 


1Sho-Chow Woo and T. C. Chu, J. Chem. Phys. 3, 541 
(1935). 





previous investigation of the absorption spectrum 
of diacetylene were reported. The spectrum was 
then taken with a small Hilger quartz spectro- 
graph. The gross structure of the spectrum 
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SPECTRUM OF 


seemed to point to the necessity of a more de- 
tailed study with a more powerful instrument. 
Experiments have thus been carried out with our 
since then available instrument of higher dis- 
persion. 

The experimental arrangement was essentially 
the same as that used by Woo and Liu.? The 
Bausch and Lomb large quartz spectrograph has 
a dispersion in the region of interest about ten 
times greater than the Hilger E31 used in our 
previous experiments. Absorption tubes of 3 cm, 
50 cm and 350 cm long with varying pressures up 
to 745 mm were used in order to develop the 
bands as far as possible. Besides the repeated 
fractionation under reduced pressure, the purity 
of the gas was further evidenced by being passed 
through an ammoniacal solution of cuprous 
chloride and regenerated from the precipitated 
copper diacetylide with dilute hydrochloric acid. 
The contamination of the gas with acetylene, 
which may not be removed by the above treat- 
ment, was excluded by the absence of the well- 
known spectrum of acetylene. On account of the 
easy polymerization of the diacetylene gas, ab- 
sorption at higher temperature (~250°C) has 
been carried out only at very low pressures 
(<1-2.5 mm) of the absorbing gas. Micro- 
photometer tracings for a number of plates were 
made through the kidness of Dr. Ny Tsi-Zé and 
Mr. Chyan San-Chyang, to whom the authors 
wish to express their sincere gratitude. 

The results of the present investigation agree 
well with those of I. However, since we used 
greater dispersion and wider variation of the 
experimental conditions in the present investiga- 
tion, the spectrum was much better developed 
than before. Many of the previously overlapping 
bands have been resolved to some extent and 
numerous new ones have come into appearance. 
Table I gives the wave-lengths and wave numbers 
of the bands measured with their relative in- 
tensities visually estimated. Because of the 
strong pressure broadening of the low pressure 
bands and a comparatively finer adjustment of 
the pressure in the present investigation, the 
measured wave-lengths of these bands differ 
somewhat from those of the corresponding ones 
given before. The spectrum extends from \2970A 


_ 





*Sho-Chow W , ; 
161 (1937). oo and Ta-Kong Liu, J. Chem. Phys. 5, 
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down to the ultraviolet limit of the spectrograph 
with increasing intensity. The complete spectrum 
consists of two parts of apparently very different 
gross structure. They constitute probably two 
different electronic systems which will be treated 
separately. 


Hi1GH PRESSURE BANDS 


The bands on the longer wave-length side 
began to appear only at comparatively high 
pressures. These bands are so sharp and narrow 
that they appear as individual lines, the average 
separation between almost any two of them being 
about 4—5 cm~. The “‘lines’’ are so numerous and 
closely spaced that the spectrum appears ap- 
parently very open and without any prominent 
head. Very little regularity could be found from 
the gross structure. Many weak bands on the red 
side of some stronger ones have been found with 
frequency differences ~230, ~460, ~488 and 
~644 cm~. These could be ascribed as due to 
transitions from excited vibrational levels in the 
ground state. However, since the “‘lines’’ are so 
closely spaced that any scheme of analysis could 
fit in with some satisfaction, it is not advisable 
at present to draw any conclusion about these 
possibilities, unless an unambiguously consistent 
analysis could be provided. Two progressions of 
stronger bands with reasonable intensity dis- 
tribution can, however, be assigned with cer- 


- tainty. These are listed in Table II. Each pair of 


the bands may be considered as doublets with 
a separation of about 50 cm~. The complexity 
of the gross structure of this system of bands is 
possibly due to the transformation of the dia- 
cetylene molecule into the bent form in the 
excited state by the electronic excitation. This 
changes the symmetry properties of the molecule 
and modifies the selection rules applicable to 
symmetrical collinear molecules. Besides, the 
molecule in the excited state will then possess 
three moments of inertia, one of which is prob- 
ably much smaller. This will also cause the 
spectrum to assume an open structure. 


Low PRESSURE BANDS 


The bands below \2650A become increasingly 
diffuse. Those below 2500A are specially so, so 
that no resolution could be effected by varying 
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TABLE I. The diacetylene bands in the near ultraviolet. 






























































(A) v(CM™) I (A) v(cM~!) I (A) v(CM™) I A(A) v(cM~!) I (A) v(CM™) 
2970.0 33660.2 00 2826.5 35369.1 00 2782.6 35927.0 0 2736.8 36528.2 0 2688.1 37190.0 
2958.4 33792.2 00 2826.3 35371.6 | 00 2782.34 | 35930.4 2 2736.4 36533.6 0 2687.4 37199.7 
2917.70 | 34263.6 1 2826.0 35375.3 00 2781.33 | 35943.4 0 2735.5 36545.6 0 2686.4 37213.5 
2917.02 | 34271.6 1 2825.8 35377.8 | 00 2781.0 35947.7 00 2735.16 | 36550.1 1 2685.8 37221.8 
2916.96 | 34272.3 0 2825.5 35381.6 | 00 2780.7 35951.6 | 00 2734.36 | 36560.8 2 2685.2 37230.1 
2913.30 | 34315.3 0 2825.3 35384.1 00 2780.27 | 35957.1 3 2733.84 | 36567.8 1 2684.5 37239.8 
2912.40 | 34325.9 0 2825.1 35386.6 | 00 2779.45 | 35967.7 0 2733.2 36576.3 1 2684.2 37244.0 
2911.75 | 34332.6 1 2824.9 35389.1 00 2779.1 35972.3 00 2732.18 | 36590.0 1 2683.3 37256.5 
2911.45 | 34337.1 1 2822.0 35425.5 00 2778.69 | 35977.6 | 00 2731.86 | 36594.3 1 2682.3 37270.4 
2909.7 34357.8 0 2821.7 35429.2 00 2778.47 | 35980.5 00 2731.3 36601.8 0 2680.4 37296.8 
2908.95 | 34366.6 0 2820.82 | 35440.3 1 2777.7 35990.4 | 00 2730.8 36608.5 0 2680.1 37301.0 
2908.65 | 34370.2 0 2820.35 | 35446.2 1 2776.14 | 36010.6 0 2730.4 36613.9 1 2679.85 | 37304.5 
2908.3 34374.3 0 2220.0 35450.6 0 2775.28 | 36021.8 2 2730.0 36619.2 1 2679.4 37310.7 
2907.65 | 34382.0 1 2819.50 | 35456.9 3 2774.72 | 36029.1 0 2729.2 36629.9 2 2679.09 | 37315.0 
2907.3 34386.1 0 2819.2 35460.6 | 00 2774.26 | 36035.0 0 2728.7 36636.7 1 2678.6 37321.9 
2906.3 34398.0 0 2818.7 35466.9 0 2773.66 | 36042.8 0 2727.5 36652.8 1 2678.3 37326.0 
2904.95 | 34413.9 0 2818.4 35470.7 0 2773.3 36047.5 | 00 2726.8 36662.2 1 2677.9 37331.6 
2900.32 | 34468.9 1 2818.1 35474.5 0 2773.08 | 36050.4 3 2726.5 36666.2 2 2675.5 37365.1 
2899.64 | 344770 0 2817.7 35479.5 0 2771.8 36067.0 | 00 2726.2 36670.3 1 2675.0 37372.1 
2898.8 34487.0 0 2817.45 | 35482.6 1 2771.42 | 36071.9 2 2725.72 | 36676.7 3 2674.7 37376.3 
2897.7 34500.0 0 2816.4 35495 .9 0 2771.04 | 36076.9 0 2725.17 | 36684.1 3 2674.4 37380.5 
2897.4 34503.6 0 2815.8 35503.5 00 2770.47 | 36084.3 1 2724.84 | 36688.5 0 2673.9 37387.5 
2896.53 | 34514.0 1 2815.4 35508.5 00 2769.88 | 36092.0 1 2724.6 36690.8 0 2673.2 37397.3 
2895.5 34526.3 0 2815.00 | 35513.5 2 2769.36 | 36098.8 2 2724.3 36695.8 1 2672.3 37409.8 
2880.9 34701.2 0 2814.52 | 35519.6 i 2768.86 | 36105.3 0 2723.99 | 36700.0 1 2672.0 37414.0 
2878.3 34732.6 0 2814.23 | 35523.3 2 2768.3 36112.6 | 00 2723.4 36708.0 0 2671.6 37419.6 
2875.5 34766.4 0 2813.8 35528.7 00 2768.02 | 36116.3 1 2722.7 36717.4 1 2671.3 37423.8 
2874.1 34783.3 0 2813.5 35532.5 00 2767.6 36121.7 00 2722.08 | 36725.8 3 2670.9 37429.5 
2871.2 34818.4 0 2813.33 | 35534.6 3 2766.0 36142.6 | 00 2721.5 36733.6 1 2670.3 37437.9 
2870.7 34824.5 0 2813.0 35538.8 0 2765.36 | 36151.0 1 2721.09 | 36739.1 3 2669.6 37447.7 
2866.6 34874.3 0 2812.71 | 35542.5 2 2764.63 | 36160.6 0 2720.8 36743.0 1 2668.9 37457.5 
2865.26 | 34890.6 2 2812.5 35545.1 0 2763.60 | 36174.0 0 2720.51 | 36746.9 2 2668.3 37465.9 
2865.0 34893.8 0 2812.03 | 35551.0 1 2762.46 | 36188.9 0 2720.09 | 36752.6 2 2667.3 37480.0 
2864.73 | 34897.1 0 2811.4 35559.0 0 2761.99 | 36195.1 1 2719.85 | 36755.8 1 2666.7 37488.4 
2864.37 | 34901.5 0 2810.63 | 35568.8 4 2761.61 | 36200.1 0 2719.45 | 36761.3 2 2666.0 37498.2 
2864.03 | 34905.6 2 2810.25 | 35573.6 0 2760.95 | 36208.7 0 2718.63 | 36772.4 1 2665.5 37505 .3 
2863.74 | 34909.2 0 2810.03 | 35576.4 1 2760.34 | 36217.3 0 2718.5 36774.1 0 2664.6 37517.9 
2863.45 | 34912.7 3 2809.80 | 35579.3 5 2759.94 | 36222.0 0 2717.93 | 36781.8 4 2664.2 37523.6 
2862.5 34924.3 0 2809.51 | 35582.9 1 2759.60 | 36226.5 0 2717.04 | 36793.9 3 2663.7 37530.6 
2861.85 | 34932.2 4 2809.29 | 35585.7 3 2758.91 | 36235.5 2 2716.33 | 36803.5 2 2663.1 37539.1 
2860.84 | 34944.7 1 2808.99 | 35589.5 2 2758.36 | 36242.7 3 2712.1 36860.9 0 2661.3 37564.5 
2859.89 | 34956.1 1 2808.6 35594.5 00 2757.78 | 36250.3 2 2711.9 36863.6 0 2660.5 37575.8 
2859.2 34964.6 0 2808.02 | 35602.3 0 2757.51 | 36252.9 3 2709.7 36893.5 1 2660.1 37581.4 
2858.64 | 34971.4 1 2807.41 | 35609.6 4 2757.12 | 36259.0 1 2709.3 36899.0 1 2659.4 37591.3 
2858.1 34978.0 0 2806.71 | 35618.4 0 2756.87 | 36262.3 1 2707.4 36924.9 2 2659.0 37597.0 

2857.04 | 34991.0 2 2806.50 | 35621.1 3 2756.58 | 36266.1 4 2707.1 36929.0 1 2658.7 37601.2 

2856.7 34995 .2 00 2806.25 | 35624.3 5 2756.28 | 36270.1 1 2706.89 | 36931.8 3 2656.9 37626.7 
2856.38 | 34999.2 0 2805.9 35628.7 00 2756.06 | 36273.0 1 2706.53 | 36936.6 1 2656.1 37638.0 

2856.1 35002.5 00 2805.7 35631.3 00 2755.74 | 36277.2 5 2706.1 36942.6 3 2655.5 37646.5 
2855.90 | 35005.0 2 2805.51 | 35633.7 3 2755.50 | 36280.4 0 2705.4 36952.2 1 2654.9 37655.0 
2855.67 | 35007.8 2 2803.92 | 35653.9 2 2755.27 | 36283.4 1 2704.97 | 36958.0 2 2654.5 37660.9 
2855.2 35013.6 | 00 2803.49 | 35659.3 3 2755.03 | 36286.5 0 2704.51 | 36964.3 3 2654.2 37664.9 

2854.9 35017.2 0 2802.98 | 35665.7 2 2754.67 | 36291.3 0 2704.2 36968.6 2 2654.0 37667.8 
2854.7 35019.7 0 2802.06 | 35677.5 1 2754.25 | 36296.8 0 2703.85 | 36973.4 7 2653.5 37674.9 

2854.25 | 35025.2 2 2801.60 | 35683.4 0 2753.78 | 36303.0 0 2703.3 36980.8 1 2652.9 37683.4 

2853.63 | 35032.8 1 2800.93 | 35691.9 1 2753.15 | 36311.3 1 2703.0 36985.0 0 2652.4 37690.5 

2853.34 | 35036.4 4 2800.23 | 35700.9 1 2752.92 | 36314.4 1 2702.7 36989.1 2 2651.9 37697.6 
2852.84 | 35042.5 2 2799.41 | 35711.3 3 2752.70 | 36317.3 3 2702.45 | 36992.5 2 2651.7 37700.4 

2852.20 | 35050.4 0 2799.2 35714.0 0 2752.30 | 36322.5 4 2702.18 | 36996.2 4 2651.4 37704.7 
2851.54 | 35058.5 3 2798.92 | 35717.6 3 2751.90 | 36327.8 1 2701.8 37001.4 0 2651.1 37709.0 
2851.1 35063.9 0 2798.67 | 35720.7 1 2751.64 | 36331.3 0 2701.6 37004.1 0 2650.8 37713.2 
2850.8 35067.6 0 2798.3 35725.5 1 2751.35 | 36335.1 0 2701.3 37008.3 2 2650.5 37717.5 
2850.5 35071.3 | 00 2798.10 | 35728.0 1 2751.15 | 36337.7 0 2701.0 37012.4 2 2650.25 | 37721.1 
2850.25 | 35074.3 3 2797.9 35730.6 0 2750.60 | 36345.0 0 2700.5 37019.2 2 2649.8 37727.5 
2849.7 35081.1 0 2796.8 35744.6 0 2750.30 | 36348.4 1 2700.2 37023.3 2 2649.5 37731.7 
2849.1 35088.5 0 2795.60 | 35760.0 1 2749.85 | 36354.9 1 2699.93 | 37027.0 3 2649.2 37736.0 
2848.3 35098.4 0 2794.96 | 35768.2 1 2749.67 | 36357.3 1 2699.5 37032.9 2 2648.1 37751.7 
2847.7 35105.8 0 2794.6 35772.8 0 2749.34 | 36361.6 1 2698.7 37043.9 1 2647.7 37757.6 
2847.0 35114.4 0 2794.25 | 35777.3 3 2749.04 | 36365.6 1 2698.2 37050.8 2 2647.4 37761.7 
2845.4 35134.1 0 2793.7 35784.3 0 2748.75 | 36369.4 0 2697.8 37056.3 1 2647.0 37767.4 
2844.8 35141.5 0 2793.0 35793.3 00 2748.52 | 36372.5 0 2698.2 37050.8 2 2646.3 377774 
2844.3 35147.7, 0 2792.4 35801.0 | 00 2748.05 | 36378.7 2 2697.8 37056.3 1 2645.7 37785.9 
2844.08 | 35150.5 1 2791.8 35808.6 | 00 2747.73 | 36382.9 3 2697.3 37063.1 1 2645.2 37793.1 
2843.0 35163.8 | 00 2791.3 35815.1 00 2747.36 | 36387.8 3 2696.9 37068 .6 1 2644.3 37605.9 
2842.7 35 167.5 0 2791.09 | 35817.8 1 2747.06 | 36391.8 1 2696.6 37072.8 2 2644.0 37810.2 
2842.3 35172.5 0 2790.5 35825.3 | 00 2746.71 | 36396.5 3 2696.2 37078.3 1 2643.6 37816.0 
2841.76 | 35179.1 2 2790.1 35830.5 00 2746.45 | 36399.9 3 2695.9 37082.4 2 2643.2 37821.7 
2841.23 | 35185.7 0 2789.71 | 35835.5 1 2746.20 | 36403.2 0 2695.4 37089 .3 2 2642.8 37827.4 
2840.72 | 35192.0 0 2789.1 35843.3 00 2745.98 | 36406.1 3 2695.0 37094.8 3 2642.0 37838.8 
2840.1 35199.7 0 2788.7 35848.5 00 2745.44 | 36413.3 1 2694.7 37098.9 0 2641.0 37853.2 
2839.98 | 35201.2 1 2788.23 | 35854.5 2 2745.26 | 36415.7 0 2694.5 37101.6 2 2640.5 37860.3 
2839.5 35207.1 00 2787.8 35860.0 0 2744.99 | 36419.3 1 2694.2 37105.8 0 2639.9 37869.0 
2837.5 35232.0 0 2787.4 35865.2 00 2744.2 36429.7 0 2693.8 37111.3 2 2639.3 37877.6 
2837.04 | 35237.7 1 2786.95 | 35871.0 | 00 2743.93 | 36433.3 1 2693.5 37115.4 0 2638.3 37891.9 
2836.5 35244.4 0 2786.47 | 35877.1 1 2742.8 36448.3 0 2693.3 37118.2 3 2637.6 37902.0 
2836.0 35250.6 0 2785.78 | 35886.0 0 2742.58 | 36451.3 3 2692.0 37136.1 0 2636.1 37923.5 
2833.44 | 35282.4 0 2784.90 | 35897.4 1 2742.3 36455.0 0 2691.6 37141.6 2 2635.7 37929.3 
2832.8 35290.4 | 00 2784.2 35906.4 0 2741.9 36460.3 0 2690.8 37152.7 2 2635.2 37936.5 
2381.1 35311.6 | 00 2783.90 | 35910.3 0 2740.8 36474.9 0 2690.1 37162.3 2 2635.0 37939.4 
2829.8 35327.8 0 2783.41 | 35916.6 0 2739.34 | 36494.5 3 2689.5 37170.6 2 2634.5 37946.6 
2828.9 35339.1 00 2783.16 | 35919.8 2 2738.78 | 36501.8 1 2688.9 37178.9 2 2633.8 37956.7 
2828.4 35345.3 | 00 2782.8 35924.5 0 2737.40 | 36520.2 1 2688.7 37181.7 1 2633.2 37965.3 
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TABLE I.—Continued. 

d(A) v(CM™) | (A) v(CM™) I (A) v(cm~) I (A) v(cM—) I (A) v(CmM~!) I 
2632.6 37974.0 2 2620.6 38147.8 2 2616.3 38210.5 2 2607.9 38333.6 4 2601.7 38424.9 2 
2632.0 37982.6 3 2620.3 38152.2 2 2615.8 38217.8 2 2607.6 38338.0 4 2601.3 38430.8 3 
2631.8 37985.5 3 2620.0 38156.6 2 2611.5 38280.8 1 2606.9 38348.3 3 2600.9 38436.8 5 
2631.5 37989.8 3 2619.5 38163.8 4 2610.9 38289.5 2 2606.3 38357.1 3 2600.1 38448.6 5 
2631.2 37994.2 2 2619.2 38168.2 2 2610.6 38293.9 2 2606.1 38360.1 3 2599.7 38454.5 2 
2630.7 38001.4 1 2618.9 38172.6 6 2609.9 38304.2 2 2605.7 38366.0 1 2597.5 38487.1 2 
2626.5 38062.1 1 2618.5 38178.4 3 2609.2 38314.5 3 2604.5 38383.6 1 2596.8 38497.4 2 
2623.6 38104.2 1 2618.0 38185.7 6 2608.9 38318.9 3 2603.3 38401.3 1 2595.7 38513.7 2 
2622.2 38124.6 1 2617.5 38193.0 2 2608.5 38324.8 5 2603.1 38404.3 1 2594.7 38528.6 2 
2621.5 38134.7 2 2617.2 38197.4 3 2608.2 38329.2 5 2602.7 38410.2 3 2593.3 38549.4 1 
M (A) v(cm™) | I D M (A) v(cm™!) | I D M (A) v(cm) | I D M A(A) v(cm~!) | J D 

Cc 2588.3 38624 3 (34597 40628 2 2377.8 42043 2257.8 44277 
c 2585.2 38670 1 2459.7 40643 MI 2376.9 42059 Sif \2256.5 44303 
Cc 2582.4 38712 1 a 2455.6 40711 1 2374.5 42101 2254.2 44348 2\G 
Cc 2579.2 38760 1 2451.8 40774 1 2365.8 42256 31G \2252.2 44387 . 
Cc 2575.8 38811 2 2450.5 40796 2364.2 42285 2247.4 44482 2\H’ 
2565.7 38964 1 2448.2 40834 1 2361.6 42331 4alH \2246.4 44502 
2565.2 38972 2 2446.0 40871 2358.6 42385 * 2243.8 44553 1 
2563.8 38993 3 2440.4 40965 2353.6 42475 3 {2240.1 44627 1 
2563.3 39001 3 + 2439.6 40978 21/7 2351.1 42520 2239.2 44645 
2562.8 39008 3 2439.0 40988 2349.0 42558 2237.7 44675 
2560.6 39042 4 2433.8 41076 MI 2346.5 42605 Sif 4 2236.8 44693 4 |1" 
2560.2 39048 So 1 AoC 2433.0 41089 |10 2345.8 42617 (2235.8 44713 
2559.8 39054 5 2432.3 41100 2340.6 42711 1 c 2232.6 44777 1 
2559.4 39060 4 L 2431.3 41118 4/\A 2337.0 42777 oy 2214.9 45135 OF og 
2557.8 39084 3 L 2430.8 41125 4 2332.0 42869 1 {2209.6 45243 
2556.8 39100 [2430-6 41130 2330.8 42891 MI} {2205.5 45327 S i<” 
2555.8 39115 3 Cc { 2430.3 41135 5 2328.0 42942 2 2204.6 45346 
2555.4 39121 2429.9 41141 2325.6 42986 2197.9 45484 3 |B" 
4 2554.6 39133 2 2422.9 41260 2322.7 43040 2196.1 45521 
Cc 2554.0 39143 2 c 2422.4 41269 7 |B iic 4 2321.3 43066 er 2189.9 45650 3 1c" 
2541.8 39330 2421.8 41279 2319.7 43096 2188.7 45675 
Cc 2541.5 39335 2 2419.5 41318 1 2314.7 43189 Cc 2185.3 45746 . 1” 
2541.3 39338 2418.5 41335 c 2313.8 43207 9 i 2181.4 45828 2 
2534.0 39451 2 2413.5 41421 1 (2313.1 43219 c 2178.9 45880 3 | E” 
2532.8 39470 2412.1 41445 L 2312.6 43229 4|A’ IC 2175.1 45960 2 
2529.1 39528 3 2408.6 41505 2312.1 43239 {3100-4 46226 3 |F" 
2525.0 39592 c 2408.2 41512 7 iC cL {4 2311.9 43242 5 2160.4 46273 
2515.7 39738 3 2407.8 41519 2311.7 43245 GC 2155.3 46383 1 
2512.5 39789 2404.8 41571 2304.9 43373 5 |B cC 2151.2 46471 1 |G” 
2509.7 39833 3 4 2404.2 41581 7|D 2302.8 43411 % 2144.3 46621 1 |” 
\2505.7 39897 2403.6 41592 2294.7 43565 sic c 2138.2 46759 in 
{2502.9 39942 3 2395.7 41730 2292.6 43605 Cc 2118.1 47197 Pie 
\2498.5 40012 G 2395.0 41740 8 2289.3 43668 sip (2111.1 47354 
{2486.8 40200 2394.5 41750 E 2288.3 43687 MI| {2109.2 47396 in” 
Cc ens 40215 4 2394.1 41756 2285.1 43748 2108.8 47405 
{2485.3 40224 c {2393.8 41761 5 MI 2282.9 43790 6 | BE’ 2101.3 47574 1 | BY" 
2477.8 40346 3 2393.5 41766 2281.6 43815 2100.0 47604 
2476.5 40367 2390.5 41820 2 2277.2 43900 2097.0 47672 1 ic" 
2471.5 40449 2389.2 41842 a 2276.3 43917 3 (2095.1 47715 
2469.3 40486 5 2386.8 41884 1 2275.7 43929 c 2090.8 47813 iio 
L 2468.8 40494 6/1 2385.1 41914 c 2272.7 43987 1 Cc 2084.8 47951 1 |E’” 
2468.3 40502 6 2382.3 41963 1 Cc 2269.6 44047 1 2070.4 48284 1 |R"" 
2467.5 40515 2380.8 41990 2264.7 44142 4\|F 2068.5 48329 
2463.9 40574 1 Ee 44194 
2462.2 40602 







































































In columns M, broader bands are given under brackets. C or MI specifies the center or the part of maximum intensity of the band measured. 
="Line”’ or very narrow band. In columns J and D are given their estimated relative intensities and designations. 


the experimental conditions such as pressure, 
plates and slit width. Since it will be seen later 
that the electronic excitation has taken place 
at the C=C bond, it is probable that predis- 
sociation must have occurred at the C—C bond. 
This being the case, the estimated energy of dis- 
sociation amounts approximately to 107 kcal./ 
mole. 

The gross structure of the low pressure system 
1s comparatively simple and some regularities of 
the vibrational structure may be observed. The 
strongest band A at 2430A has been resolved to 
some extent at pressures less than 1 mm with an 
absorbing path of 50 cm. But further improve- 





ment could not be made with further adjustment 
of the experimental conditions. In Table III are 
given the progressions found in the low pressure 
system of bands including those previously re- 
ported. All of these progressions have a frequency 
difference of about 2100 cm~. The frequency 
differences between bands of different pro- 
gressions should usually be assigned as funda- 
mentals or combinations in the excited state. But 
they are too many here to be all so assigned. 
Moreover, these differences are far from being 
approximate constants and vary rather ir- 
regularly. Complications might have come in 
from two possibilities : (1) the resonance between 
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TABLE II. Progressions in C,H ‘‘high pressure systems.” 















































nearly coincident levels of fundamentals and 
harmonics of the different vibrations in the 





























































»(cm™) wd wal excited state and (2) the interaction between the 
24932 4 ) excited electronic state and the deformation 
35579 5 692 oscillations, if the former be degenerate. Never- 
35624 5 } 45 theless, certain plausible assignments may still be 
on made from what we have known about the 
36277 ;} 46 fundamental frequencies of the molecule in the 
36323 4 696 ground state and the selection rules governing 
| 704 the transitions in an electronic system of a sym- 
36973 7 | 54 metrical collinear molecule. 
37027 3f , , 
695 The fundamental frequencies of the diacetylene 
37668 4) . 694 molecule in the ground state have been discussed 
37721 7f 53 by Timm and Mecke.* The assignment of these 
= authors has recently been examined by Wu and 
38360 + 50 Shen‘ with a detailed calculation of the force 
38410 3 694 constants and a critical discussion of the selection 
690 rules for infrared and Raman spectra. It is true 
39054 5 as oorenemenese : 
39100 3 3B. Timm and R. Mecke, Zeits. f. Physik 94, 1 (1935). 
4Ta-You Wu and S. T. Shen, Chinese J. Phys. 2, 128 
== > (1936). 
TABLE III. Progressions in CH, “‘low pressure system.” 
v(CM~!) Av v(CM™) Av v(CM™!) | Av 
A B 8 
A° 39048 
2087 
A 41135 B 41279 ig 41519 ) 
2107 2132 , 2086 
ry 43242 B’ 43411 hy 43605 { 
2085 2110 2070 
A” 45327 BY" 45521 C” 45675 { 
2069 f 2083 2040 
A’'” 47396 B’" 47604 ce’ a79i5 
D E F 
D 41592 E 41761 F 42101 ) 
2095 2054 2093 
D’ 43687 fy 43815 F’ 44194 
2059 2065 2079 
D” 45746 E” 45880 F" 46273 
f 2067 2071 2056 
D'" =47813 E'” 47951 F’'” 48329 
G H I 
G 42285 H 42385 I 40502 
2102 2117 2103 
G’ 44387 zt’ 44502 P i 42605 
2084 2119 » 2088 
G” 46471 H” 46621 Yl 44693 
2066 
I'" 46759 
P 
J 40978 A -I =633 
2088 
Pid 43066 A’ -—I' =637 
2069 
Pd 45135 A” —I" =634 
2062 
Al—J]'"=637 























and 
the 
the 
tion 
ver- 
ll be 
the 
the 
ning 
ym- 


lene 
ssed 
hese 
and 
orce 
‘tion 
true 


935). 
, 128 


)3 
88 


56 








SPECTRUM OF DIACETYLENE 


TABLE IV. Deformation force constants. 




















DYNE CM ( DYNE CM 
MOLECULE v(CM™!) ( RADIAN ) *\ RADIAN ) REFERENCE 
H—C=N 6 709 2.4110" — 6 
5(a) 730 
H-—C=C-H 2.4410” 0.92 10-” 5 
6(s) 605 
5(a) 230 
N=C-C=N 2.93 X10-® —0.24x10-” 6 
5(s) 510 
bc(a) 231 
bc(s) 488 2.6X10-"8(H —C and C=C) 0.14 10-” 
H-—C=C-—-C=C-—-H 4 
écu(a) 730 3.6X10-2(C—C and C=C) 0.15x10-" 
dcu(s) 720 ) 

















ki =force constant of bending between the neighboring single and triple bonds, viz., o—o =o. d ' : 
ke =force constant of interaction between the bendings of two single bonds with a common triple bond, viz., o—o =0—0, or of two triple bonds with 


a common single bond, viz., o=0—o =o. 


that the assignment of the deformation fre- 
quencies of Timm and Mecke is confronted with 
serious difficulties from the selection rules. It 
may, however, be interesting to note that the 
force constants calculated from the values of 
these authors seem to be comparable with those 
of other similar molecules (Table IV).? We agree 
with the suggestion of Wu and Shen that a re- 
examination of the Raman spectrum of dia- 
cetylene is necessary to settle this problem. 
But in the present analysis we are essentially 
concerned with the longitudinal vibrations for 
which there seems to be not much difficulty.® 
Regarding the symmetry properties of the 
diacetylene molecule and the selection rules 
governing the transitions between the different 


°W. F. Colby, Phys. Rev. 47, 388 (1935). 

6 Unpublished results. 

7It may be admitted that the force constant K2 plays 
also a considerable part in affecting the deformation fre- 
quencies and the values here obtained vary considerably 
for different molecules. However, the values of Ki, which 
is of primary importance here, are of the same order of 
magnitude for these molecules. 

* The value 644 cm-! seems to be too small for the fre- 
quency v’’,_.(s) (see reference 4). For the corresponding 
_ constant ki(c—c) of cyanogen, see reference 2, Table 


vibrations, what has been discussed in the 
spectrum of cyanogen? may be essentially ap- 
plicable here. Thus the frequency difference 
~2100 cm must be the frequency v’cec(s) of 
the totally symmetrical vibration in the excited 
state and the electronic excitation has probably 
taken place mainly at C=C bond. The difference 
~1900 cm (J—A=1931, 1893, 1870 cm™) 
which only weakly appeared in the spectrum, is 
probably the frequency of the vibration v’.=,(a). 
The differences between the A and B, and the 
C and D bands are too small to be ascribed to 
fundamental frequencies. Whether they may be 
described as doublets given rise through reso- 
nance between nearly coincident levels of funda- 
mentals and harmonics of the different vibra- 
tions is uncertain. The only bands which 
showed appreciably relative intensification at 
higher temperatures are the I bands. Thus they 
are considered as due to transitions from the 
excited vibrational levels with »~640 cm" 
(633, 637, 634, 637 cm) in the ground state. 

In conclusion the authors want to express 
their sincere thanks to Professor Richard M. 
Badger for his kindness in reading the manu- 
script before publication. 
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A Method for Deriving Expressions for the First Partial Derivatives of 
Thermodynamic Functions 


FRANK LERMAN 
University of Cincinnati, Cincinnati, Ohio 
(Received May 17, 1937) 


By this direct method, any first partial derivative of the thermodynamic functions may be 
readily resolved into terms of temperature, pressure, volume, and entropy, and of six basic 
forms of a mathematical quantity named a vired. These six basic vireds have been expressed 
in terms of the better known and more easily measurable thermodynamic quantities and 
therefore may be used in determining any of the first partial derivatives. This method stresses 
the interrelationship between the partial derivatives and is a distinct departure from Bridgman’s 
method for obtaining expressions for the first derivatives by substitution from a list of 45 arbi- 
trarily defined quantities which have been expressed in simpler terms. 





OR the general use of equations involving 

partial derivatives of thermodynamic func- 
tions, the partial derivatives first need to be 
resolved into better known or more easily 
measurable terms. However, the general method 
for simplification usually involves a good working 
‘knowledge of differential calculus and an in- 
genuity of the sort needed in solving trigono- 
metric identities. 

From the ten thermodynamic functions usually 
selected as fundamental, there are altogether 720 
partial derivatives of the form (dx/dz),, where 
x, y, 2 are any three of the ten functions. 

To simplify the determination of this large 
number of derivatives, P. W. Bridgman! sets up 
90 quantities of the type (dx), defined so that 
the quotient of pairs of them form all the possible 
first partial derivatives. Thus the partial de- 
rivative, (0x/0z),, may be denoted as (0x) ,/(02) y. 
By further restricting the relationship of these 
quantities so that (dx),=—(dy)., he cuts the 
number required from 90 to 45. Bridgman has 
resolved these 45 quantities into terms of the 
more desirable thermodynamic functions and 
partial derivatives. From these quantities any of 
the 720 partial derivatives may be determined 
by substitution and use of algebra. 

A method is here presented based on quantities 
similar to those devised by Bridgman but rede- 
fined in such a manner so as to permit the 
resolution of the 45 forms into a few, more basic 
forms. The following ten thermodynamic func- 
tions are used: 


1P, W. Bridgman, Phys. Rev. 3, 273 (1914), also A 
Condensed Collection of Thermodynamic Formulas (Harvard 
University Press, 1925). 
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T, the temperature, 
P, the pressure, 
V, the volume, 
S, the entropy, 
dW, the increment? of work done by the system, 


where dW=PdV, (1) 
dQ, the increment? of heat absorbed by the 
.system where dQ=TdS, (2) 
U, the internal energy of the system, where 
dU=dQ—dW=TdS—PadV, (3) 
H, the heat content or total heat, defined as 
H=U+PV, (4) 
A, the free energy of Helmholtz, defined as 
A=U-TS, (5) 
F, the free energy of Gibbs, defined as 
F=U+PV-TS. (6) 


Let us set up a quantity dx,, where x and y 
are any two of the ten functions, and define it 
as the product of two partial derivatives, thus: 


dxy= —(dx/dP),(dy/dT) p.* (7) 


We may designate this form as the vired' of x 
with y constant. 


2 Increments of these energy functions are used since the 
total functions are dependent on the path of change. 

*Bridgman defines his quantity as (dx)y=(0x/da)y 
where a is an arbitrary variable. 

‘ The word vired (pronounced vi-réd) has been obtained 
by spelling backwards, the abbreviation of ‘‘derivative.” 
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From definition (7)*> together with the mathe- 
matics of partial derivatives, the following rela- 
tionships are proven : 


dxy = dy, (8) 
and 
dx,/dzy=(0x/02) y, (9) 


where z is another thermodynamic function. 

Ninety vireds may be formed from the ten 
functions. However, by a simple method of 
manipulation to be presented below, any vired 
may be expressed in terms of a few, more “‘basic’”’ 
vireds. 

We define a basic vired as one composed of 
any two of the four functions, 7, P, V, and S. 
Any other vired may be resolved into terms of 
the basic vireds by application of elementary 
operating rules to the definitions of the functions 
given by (1) to (6) inclusively. These operating 
rules for vireds, similar to the simple rules of 
differentiation, are: 

For vireds having a given subscript, y, 


I. The vired composed of a single function is 
zero. Thus dy,=0. 

II. The vired of a sum of variables is the sum of 
the vireds of the variables. Thus from (4) 
dH,=d(U+PV),=dU,+d(PV),. 

III. The vired of a product of two variables is 
the sum of each variable times the vired 
of the other variable. Thus d(PV),=PdV, 
+VdP,,. 


These rules can be readily proven mathematically 
with the use of definition (7). 

There are twelve basic vireds. Six of these have 
been resolved through mathematical derivation 
into simple terms as tabulated below. 


T 
dTp=1=—dSp, 
V 
OV T 
ity=(—) =—dSy, 
oP T Cp 


aV 
d Vp= (—) =dSr. 
OTs p 


* Definition (7) for y=P gives an indeterminate form 
dxp= — (4x/8P)p(aP/dT)p. To solve this form it is first 
shown mathematically that —(dx/dP),(dy/8T)p, the 
definition of the general vired dx,, is equal to 
— (dx/0P)r(dy/8T) p+ (dx/dT)p(dz/aP)r. Then for y=P, 
dxp=0+(dx/8T)p. Hence for further derived proofs, 
dxp is taken equal to (ax/dT)p. 





The other six basic vireds can be obtained from 
this table by use of equality (8). All other vireds 
can be expressed in terms made up of these 
twelve vireds and the four functions, 7, P, V, 
and S. It then becomes obvious when noting Eq. 
(9) that all of the 720 possible partial derivatives 
of the ten thermodynamic can be expressed in 
terms of 7, P, V and S, together with the specific 
heats, Cp and Cy, and the easily measurable 
partial derivatives, (0V/dP)r and (dV/dT)p. 

For example, to obtain the partial derivative 
(8A/dS)y express it as the vired quotient 
dAy/dSy. From the table it can be seen that 
T/CydSy =(0V/dP)r. 


Cy saV 
Therefore isy=—(—) ; 
T \0P/ 7 
Since 
A=U-TS from (5) 
dAy=dUy—d(TS)y Rule IT 
dAy=dUy—(TdSy+SdTy) Rule III 


=(TdSy —PdVy) —(TdSy+SdTy) 
from (3) and II 








= TéSy—0—TéSy—SéTy Rule I 
= —SdTy = —S(aV/aP)r from table. 
Therefore 
@A\ dAy —S(aV/aP)r ST 
. y dSvy (Cy/T)\@V/aP)r Cy 


The most complex vired is of the form dF,, 
where x is some other function not basic. Con- 
sider for example the vired dFy. 


dFy =dUy+d(PV)u—d(TS)u 
from (6) and Rule II 


=0+PdVy+VdPy—TdSy—SdTy Rule Ill 
= —PdUy— VdUp+TdUs+SdUr7 from (8) 


= —P(TdSy —PdVy) — V(TdSp—PdVp) 
+7(TdSs—PdVs)+S(TdS7—PdV7) 
from (3) and II 


= —PTdSy+0—VTdSp+ VPdVp+0 
—TPdVst+STdS;7—SPdVy7 from Rule I. 


Since dVgs=—dSy the first and fourth sig- 
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nificant terms cancel, dFy = — VT7dSp+VPdVp 
+STdS;—SPdVr. By substitution from the 
table, 


Cp OV 
— vr(—) 4 vP(—) 
T OT/ p 
OV OV 
+s1(—) +sP(—) 
OT/ p OP/ 7 


av av 
~ VCe+[VP+STI(—) +sP(—) 
OT/ p OP/ 


G. GEE AND E. K. RIDEAL 


The method presented here is mathematically 
exact. It emphasizes the interrelationships be- 
tween the partial derivatives of the thermo- 
dynamic functions. Any partial derivative con- 
taining a function not already considered can be 
determined by the method providing the new 
function is expressible in terms of the ten func- 
tions used here. 

Should it be desired to express the partial 
derivatives in terms other than used here, the 
expressions for basic vireds tabulated above need 
only be changed mathematically into the terms 
wanted. 
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Studies in the Autoxidation of Monolayers 
I. The Mechanism of Autoxidation of Maleic Anhydride $-Elaeostearin 


GEOFFREY GEE AND Eric K. RIDEAL 
Department of Colloid Science, Cambridge University, England — 


(Received August 2, 1937) 


The autoxidation of monolayers of maleic anhydride 8-elaeostearin is examined in detail 
and a free radical mechanism proposed. The effect of temperature and pressure on the rate of 
oxidation over a very wide pH range has been investigated, and the variation of oxidation 
rate with pH shown to be of the form to be anticipated from the postulated mechanism. 
The absolute values of such constants as can be separately determined are consistent with 


the physical picture of the process. 


N two earlier papers' a general account has 
been given of an investigation of the reactions 
which occur in monoiayers of maleic anhydride 





cr 


CH;(CH2)sCH : CH—CH 
\ 





\ 


spreads readily on these substrates but the films 
are unstable, undergoing a spontaneous reaction 
which can be stopped by the addition to the 
substrate of 0.1 percent of hydroquinone. The 
sequence of reactions which occurs was identi- 


1 Proc. Roy. Soc. A153, 116, 129 (1935). Cf. also, ibid. 
155, 692 (1936). 


CH=CH 


CH—CH 
-, ™ 
CO CO 
a 
O 3 


B-elaeostearin spread on N/100 H.SO, or HCl. 
This material 


CH.(CH:);COO | C3Hs 
/ 





4 





fied with the normal process of ‘‘drying’’ of an 
oil, and has been shown to comprise essentially, 
an autoxidation, followed by polymerization of 
the oxidation product. If the oil be denoted by 
X, there are two oxidation products XO.’ and 
XO. of which the former is much the more 
reactive, and the complete reaction can be 
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represented schematically thus: 


ky k. Polymer 
x——XO,’ ky. 


ks XOz2 


In the previous papers methods were described 
by which the four velocity constants can be 
separately determined, and we shall now examine 
in more detail the oxidation stage. 

We confine our attention to the reaction 

ky 
X—XO,’ which represents the autoxidation of 
the double bond remote from the glyceride 
residue. The measurements employed in the 
following discussion were made in the same 
way as those described previously, i.e., by ob- 
serving the expansion of a unimolecular film 
held at a constant surface pressure. 

It has already been shown that compression 
of a film of maleic anhydride -elaeostearin 
causes a marked decrease in the velocity of 
oxidation, the velocity on N/100 HSO, at a 
surface pressure F=10 dynes/cm being only 
10 percent of the velocity at F=6 dynes/cm. 
The analogy with the effect of pressure on the 
rate of oxidation of monolayers of oleic acid on 
acid KMnQ, was pointed out, and it is clear in 
this latter case that compression removes the 
double bonds from the surface and thus from 
the sphere of action of the oxidizing agent. The 
mechanism by which compression can retard an 
autoxidation is less evident. It appears doubtful 
whether the simple addition of a molecule of 
oxygen to the double bond is a mechanism cap- 
able of giving an adequate account of the experi- 
mental results. The alternative conclusion that 
the substrate plays some essential part in the 
oxidation is confirmed by some experiments on 
the effect of pH, on the oxidation rate, the re- 
sults of which are shown in Fig. 1. Curves are 
drawn for the two temperatures 4°C and 17°C 
and cover the range of pH from —0.7 to +12.0, 
the actual substrates employed at different 
parts of the pH range being 


pH <5 HCI or H.SO,. 


5-8 phosphate buffers. 
8-12 borate—NaOH buffers. 





/ 
[|\ 

\ 
L/N 


{Y/N 
| | « 


(2) 








eo wo 
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K, (MIN) —> 
a 



































Fic. 1. Effect of pH on rate of oxidation at F=8. 


No significant differences were found when 
two substrates of the same pH but different 
composition were compared, and it was further 
shown that addition of a large amount of Na2SO, 
to a N/100 H2SO, substrate did not appreciably 
affect the rate of oxidation. The experimental 
results are therefore to be explained in some way 
purely on the basis of the pH variation. 

We have thus shown that the substrate is 
involved in the oxidation and that pH has a 
profound effect, while we may note also that 
the reproducibility of the results is too good for 
any explanation based on the adventitious 
presence of a catalyst to be considered. The 
effective oxidizing agent cannot therefore con- 
tain any element other than oxygen and hydro- 
gen and we are thus led to regard the oxidation 
as involving almost certainly a free radical 
mechanism.’ The electron affinities of the oxygen 
molecule and some of its reduction products 
have been estimated by Weiss,’ as follows: 


Oz 2.7 volts 
OH 3.7 volts 
HO, 4.6 volts. 


The most effective oxidizing agent is therefore 
the HO, free radical which exists in solution in 


2 For general discussions of free radical mechanisms of 
oxidation see Franck and Haber, Sitzungsber. Akad. Ber- 
lin, physik-math. Kl. 33, 250 (1931). Haber and Will- 
statter, Ber. 64, 2844 (1931). Haber and Weiss, Naturwiss. 
20, 948 (1932). Weiss, ibid. 23, 64 (1935); Nature 133, 648 
(1934). Rice and Rice, Aliphatic Free Radicals (1935), 
pp. 165-182. 

3 Trans. Faraday Soc. 31, 966 (1935). 











equilibrium with the ion O,’, the first reduction 
product of the oxygen molecule ** 


HO.=Ht+0,’. 


It has been shown by Haber and Weiss® that 
this equilibrium is important in the catalytic 
decomposition of H,O2, and these workers have 
been able to estimate the dissociation constant 
at 20°C as being of the order of 10-°. 

If now HO, is the effective oxidizing agent in 
the reaction under consideration we have to 
suggest some mechanism by which the oxygen 
molecule can be reduced to O,’. In the presence 
of an easily oxidized metal such as Fe the 
process might be written 


Fe’ +O.—Fe™™’+0Oy,’. 


We have already concluded that the mechanism 
does not involve traces of impurity, so that the 
electron required to reduce the oxygen molecule 
must be derived from the film material itself. 
We note that evidence has been brought forward 
by Morrell and Davis’? and Hughes® that the 
reactive double bond in maleic anhydride 
B-elaeostearin is strongly polar, as we should 
indeed expect from its proximity to the maleic 
anhydride residue. Many addition reactions of 
unsaturated compounds can be readily explained 
by supposing the attack to be made by an ion, 
which attaches itself to the polar double bond.°® 
Thus Moelwyn-Hughes and Legard” have 





R,CH ° CHR: R,CH ; 
- +O: = 
OH Ht OH 
O./+Ht =HO, 
R,CH ° CHR, R,CH — 
+HO:— % 
OH Ht O2 


4 The evidence for the existence in solution of this radi- 
cal and its ion has been summarized by Weiss, Trans. 
Faraday Soc. 31, 668 (1935). 

5 Proc. Roy. Soc. A147, 332 (1934). 

6 Cf. Weiss, Nature 133, 648 (1934). See also Part II 
(below). 

7 Trans. Faraday Soc. 32, 209 (1936). 

8 J.C. S. 338 (1933). 

®For a general discussion, see: Robinson, Outline of an 
Electrochemical Theory of the Course of Organic Reactions 
(Inst. of Chem., 1932). Ingold, Chem. Rev. 15, 225 (1934). 
0 J.C. S. 424 (1933). 
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shown by a kinetic study that the addition of 
iodine to aqueous solutions of sodium §-pheny]l- 
propiolate takes place in the form of either 
I;’ or OI’. We are thus led to the suggestion that 
in the monolayer the double bond will form a 
complex with the elements of water in the 
ionic form: 


RiCH : CHR2+H*+ OH=R,iCH : CHR:. 


OH Ht 


Now this complex contains an electron which is 
much more readily removable than one of the 
double bond electrons, for its ionization poten- 
tial should not differ widely from the figure of 
3.7 volts quoted above for the electron affinity 
of the OH free radical, and we have the possi- 
bility of the reaction 


R:iCH:CHR, R,CH : CHR. 
= +e. 


OH Ht OH Ht 


The complex is therefore oxidizable by molecular 
oxygen under the experimental conditions to 
give a free radical complex RiCH : CHR: and 
OH H+ 

O.’. The latter will react with H+ to give HO:, 
and the oxidation to the final peroxide can be 
readily completed by the interaction of these 
free radicals. We thus arrive at the following 
formulation of the oxidation process: 





CHR» 
+02! (1) 
Ht 
(2). (1) 
CHR: 
/  +H:0+H* (3) 
J 





This view of the oxidation process enables us 
to understand the observation of Hughes and 
Rideal"* that the oxidizability of a series of 
unsaturated compounds examined by them 
depends on the polarity of the double bond, 
the rate of oxidation being greatest for a {-iso- 


1 Proc. Roy. Soc. A140, 253 (1933). 
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oleic acid, in which the measured dipole moment 
of the double bond is highest, and least for oleic 
and petroselenic acids, in which the dipole 
moment is very much smaller. 

It is clear that the formation of the complex 
and presumably also the ease of removal of an 
electron depend on the polarity of the double 
bond, and one would anticipate furthermore that 
oxidation of an unsaturated compound in an 
anhydrous nonpolar solvent would be very slow. 
It is in fact known that linseed oil which oxidizes 
at a barely perceptible rate in solvents such as 
benzene and carbon tetrachloride, is much more 
readily oxidizable in acetic acid solution.” 

The mechanism suggested above is therefore 
in accord with experimental observations other 
than those it was devised to explain, and we 
may proceed to examine its kinetic implications. 

We suppose the whole of the film material 
to be in the form of the complex and denote 
its concentration by ¢:, while the concentration 
of the free radical complex R:1CH : CHRz is de- 

OH Ht 
noted by ¢2. The velocity constants of the for- 
ward reaction are written k, where x is the 
number of the appropriate equation; the reverse 
reactions are similarly denoted by k,, and equi- 
libria by kre, Eq. (2) represents an equilibrium 
which has already been studied by Haber and 
Weiss® and its equilibrium constant ke, is given 


by 
Ree = Ox’ ]LH* ]/[HO2]. (2) 
The velocity of oxidation is V, where 
V=k3ceLHOsz ]. (3) 





Writing down the stationary state equation for 

the free radical complex and combining with 

(2) and (3) we find for the rate of oxidation: 
ki¢i|O2 ]LH*] 
[H+]+kirkee/ks 





(4) 


If K is the measured unimolecular velocity 
constant 





V=Ke,[O2 | (S) 
and 
k,[ H+] 
= ; (6) 
[H+] +kRirke./ks 


For small values of [H+], K : [H+]. For large 
values of [H+], K is independent of [H*]. 
This mechanism is clearly inadequate to ac- 
count for the complexity of the effect of pH 
(Fig. 1) and in fact represents adequately only 
that portion of the curves lying in the pH range 
5~2; but it is not difficult to see what modi- 
fications are required. We have so far assumed 
that the unoxidized film is always in the form 
RiCH : CHR», but it is clear that this is only 
OH H+ 
likely to be the case on substrates not far re- 
moved from neutrality where the concentrations 
of both H+ and OH’ are reasonably large. 
At higher or lower pH’s we shall expect to ob- 
tain a change in the nature of the film, repre- 
sented by Eqs. (7): 





R,CH : CHR2+H+t =—R:iCH :CHR:+H:0 (4) 


OH Ht H+ Lan 
RiCH : CHR:+OH’=R,CH : CHR:+H:0 (5){° 


OH Ht OH 


On acid substrates we thus obtain a complex 
which no longer contains a hydroxyl ion and 
has therefore no readily available electron, so 
that the observed stability of the film on strongly 





” Cf. Ueno, Okamura and Saida, J. Soc. Chem. Ind. 


Japan 34, 106B (1931). 
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acid substrates is to be anticipated. On alkaline 
substrates on the other hand we produce a 
second complex, capable of autoxidation at a 
rate which will probably differ from that found 
for the neutral complex. We shall have a further 
set of reactions analogous to (1): 
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R,CH : CHR» R,iCH : CHR,» 
- +O. = +0,’ (6) 
OH OH 
O.’+H+ =HO, (2) L(g 
R,iCH : CHR» 


+HO:-R:iCH—CHR:+H;0 (7) 
be 


OH 


To obtain the complete variation of K with pH 
we have now to combine Eqs. (1), (7) and (8). 
Eq. (2) will still hold, and we shall have two 
further equilibria: 


Rae =, H* ]/cs. (9) 
Rse=C€i:L.OH’ ]/c4. (10) 


where c3 and c, are the respective concentrations 


of RiCH : CHR» and RiCH : CHR». If further 


Ht OH 
c; is the concentration of RiCH : CHRg», the 
OH 
velocity of oxidation V is given by 
V = (k3e2+k7¢5)LHOsz |. (11) 


The unoxidized film is now regarded as a mix- 
ture, its total concentration c is 


C=Cyto3+cy. (12) 
Eq. (5) must also be rewritten as 
V=Kc[O2]. (13) 
It is easily shown that 


kiciLO2]TH+] — kecslO2 JLH*] 
V= + . (14) 
[H+ ]+ki-kee/ks [H+ ]+ke-kee/k7 





We have now to evaluate c,; and c, in terms of c 
and [H+], which can be done by combining 
Eqs. (9), (10) and (12), when we readily find: 








(= F (15) 
1+[H+]/kse+[OH’]/k:. 
OH’ ]/ks. 
cLOH’]/ as 


T+ [Ht )/ka-+[OH’)/kese 


Writing [H+ ][OH’]=k, 








Oz 





we substitute these values in (14) and combine 
(13) to obtain: 

















[H+] 
~ Be, k3e-+LH+ ]+({H+t P/ks 
k H+ k Rw / Rie 
LAY] pe , (18) 
[H+ ]+hi-kee/ks [H+ ]+Rerkoe/kz 
which is of the form: 
LH*] 
-A+(H+}+B[H+? 
Ht E 
ft Jy. —\ (19 
|[H+]4D° (H+]+F 
where A=hky/Rse, D=Rir/ke, 
B=1/ky, E=kskw/Rse (20) 
C=h,, F= Rerkoe/Rz7. 


Eq. (19) may be somewhat simplified to an 
empirical form which satisfactorily describes 
the experimental results. It is clear that since 
the range of [H+] covered is from 5 to 10°" 
the various constants will not in general be im- 
portant at the same pH’s, and we can in fact 
divide K into two portions K, and K» represent- 
ing respectively the acid and alkaline sides of 
neutrality. On the acid side, 





E CCH+] 
K and A<[H*], 
[H*+]+F [H*+]+D 
so that 
CCH+] 


(21) 





K,= : 
(1+ BLH* ])(CH*]+D) 


On the alkaline side, 
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CLH*] E 
<K and BULH+]<1, 
[Ht+]+D [Ht]+F 
so that 
ECH+] 





Ky= (22) 
(A+[H* ]})(CH*]+ F) 


K, and K, thus vary in the same way with 
[H+], showing maxima at [H+ ]=(D/B)? and 
(A F)?, respectively. 

The maximum on the acid side is found at 
about pH2, but the position of the correspond- 
ing maximum on the alkaline side is very 
difficult to determine owing to experimental 
difficulties. At very high pH’s hydrolysis occurs 
at a rate comparable with that of the oxidation, 
while even before this point is reached there is a 
large expansion of the film which leads to a 
complication. We have already seen! that the 
oxidation is faster at low pressures than at high, 
and it is clear that this expansion of the film 
at high pH’s will have an effect similar to that 
produced by a decrease of pressure. By combin- 
ing the known effect of pressure on the velocity 
constant with the F—A curve of the material 
it is possible to apply an approximate correction 
for this expansion, and this has been done in 
deriving the curves of Fig. 1. The experimental 
data for pH’s higher than 10.0 must be regarded 
as less certain than the remainder and cannot 
be taken as conclusive proof of the existence of 
the predicted maximum. 

Adding (21) and (22) we obtain an expression 
which gives an excellent representation of the 
experimental results, except in the immediate 
neighborhood of the minimum (nearly neutral 
substrates) where the velocity is higher than 
calculated. This residual rate may be introduced 
empirically as a small correction term K,, 
which may be interpreted either as a slow oxida- 
tion by a different mechanism or as due to 
adventitious catalytic impurities (e.g., traces of 
heavy metals). The lack of reproducibility in this 
region, combined with the fact that the effect 
of catalysts is a maximum here gives some indi- 
cation that the second alternative is the more 
likely one. We thus obtain finally for the varia- 
tion of the velocity constant K with [H+] the 
following expression 


OF MONOLAYERS 





CTH+] 
"+ BCH") (D+[H*) 
E(H*] 
wy +[H+])(F+[H*]) 


This equation has been fitted to the experimental 
results in the following manner: 

The oxidation velocity at F=8 was measured 
at a constant temperature (4°C or 17°C) as 
described previously! while the H was varied 
by changing the substrate, either by injecting 
acid or alkali, or by a complete change of sub- 
strate. The whole range of pH was covered three 
times at each temperature with fresh set-ups of 
the apparatus, the results being in very satis- 
factory agreement. Any discrepancies affected 
only the absolute values of the velocity and not 
the general shape or position of the curve. A 
further series of measurements was then carried 
out at constant pH while the temperature was 
varied, four or five readings being taken over a 
temperature range of about 20°. From these 
latter experiments values were calculated for 
the critical increment at pH’s 0.3, 2.0, 3.3, 6.4 
and 8.5. Eq. (26) was then fitted to the collected 
results at the two temperatures (4°C and 17°C), 
particular care being taken to make the calcu- 
lated critical increments agree with the experi- 
mental values. The final values assigned to the 
various constants are given in Table I, from 
which K is calculable in min.~'. These constants 
have been employed in calculating the curves of 
Fig. 1. 

No value of A is given for the higher tempera- 
ture, as it was found impracticable to extend 
the measurements sufficiently far to obtain the 
position of the maximum. 

In view of the large number of constants it is 
impossible to obtain very accurate values of 
any of them, but it may be noted that B and C 








(23) 


TABLE I. Experimental constants of Eq. (26) at F=8. 














4°C 17°C E¢ (Keal.) 

K. 0.10 0.15 5.0 
A 4X 107% ? ? 

B 4.30 3.45 —2.7 
C 3.97 7.06 7.0 
D $.5X 10 9.6X10™4 12.4 
E 8.25107 4.81079 21.6 
F 7.85 X 10-19 1.55 10~° 8.4 
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are well defined and are probably accurate to 
within 10 percent, the probable errors in the 
other constants are larger, and A—which de- 
pends entirely on the position of the maximum 
on the alkaline side—is very uncertain. 





co) 


A 
a ; 
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pin 


Fic. 2. Effect of pressure on oxidation rate. 


We see by inspection of Eq. (20) that the 
constants B and C give us 1/k4, and ki, and the 
corresponding energies of activation. Now k; is 
the measured velocity constant of the primary 
interaction of oxygen with the film and is there- 
fore calculable by the ordinary methods of 
kinetics. The process may be pictured as in- 
volving the collision of an oxygen molecule from 
the air with a double bond in the surface, and we 
can therefore set the reaction rate equal to the 
collision number multiplied by e-#/#7 where 
E=7.0 Kcal./g mole (Table I), the steric factor 
being assumed to be unity. 

The number (Z) of molecules of molecular 
weight M hitting 1 cm? of surface per second is 
given by.® 

Z=n(RT/2xM)}. 


Take the target area of a double bond as 20 A? 
it is easily shown that the observed unimolecular 
constant k, is: 


k,=0.10 sec.-!=6.0 min.—. 


This is to be compared with the observed value 
of 7.06 min.—!; the agreement is good and gives 
considerable additional support to the postulated 
reaction mechanism. 

Analysis of the absolute values of the other 
constants is less certain. From (19) we note that 
ke is given by the ratio E/A, so that at 4°C kg is 
approximately 2000 min... Now kk, is the 


18 Tolman, Statistical Mechanics (1927), p. 206. 


velocity constant of a reaction precisely similar 
to the one we have just considered, so that k, 
should be calculable in the same way as i, and 
we shall have 


ke/ky =e(21- 20) /RT, (24) 


Inserting values of ki, ks and FE; we obtain an 
estimate of E;~3.6 Kcal./mole. 

Another possible method of determining the 
constants A and B has been considered. The 
transition of the film material from a neutral 
to an acid or alkaline complex should be ac- 
companied by a change of the surface potential 
AV, which could thus be employed to determine 
the pH’s at which these changes are _half- 
complete. These are, respectively, [H+ ]=1/B; 
[H+]=A. Two difficulties were encountered 
which prevented this method from being ap- 
plied. It has been shown by Schulman and 
Hughes" that all oxygen compounds show a 
large rise of AV on strongly acid substrates, a 
behavior which they ascribed to the formation of 
oxonium compounds. The pH at which the 
transition neutral complex—acid complex should 
occur coincides with that of oxonium formation, 
so that the phenomenon it was desired to 
measure is completely masked. On the alkaline 
side it was found impossible to obtain reliable 
values of AV at sufficiently high pH’s to permit 
the method to be used. 

The remaining constants D and F each in- 
volve three constants which are not separately 
determinable, even if Haber and Weiss’ esti- 
mate of ke, is assumed. In any event these con- 
stants are not known with sufficient accuracy 
to justify further discussion. 


EFFECT OF PRESSURE 


The measurements considered so far were all 
made at a pressure F=8 dynes/cm, this value 
having been chosen because experimentally it 
is found possible to obtain more reliable results 
at F=8 than at any higher or lower pressure. 
In attempting to investigate quantitatively the 
effect of pressure we therefore approach the 
limits of the experimental technique, especially 
as the range of pressure over which any oxida- 
tion velocity constants can be obtained is very 


14 Proc. Roy. Soc. A138, 430 (1932). 
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narrow. A series of measurements has been 
carried out on acid substrates at F=10, at the 
two temperatures 4°C and 17°C, analogous to 
the series at F=8. The general effect of increas- 
ing the pressure from F=8 to 10 is to depress 
the whole of the K~H curve, but there is in 
addition a tendency to displace the maximum to 
a higher pH (especially at 4°C) and to produce a 
flatter maximum. In Fig. 2 the results of this 
series of experiments are summarized by plotting 
the ratio Ks/Ky as a function of pH at each 
temperature, and it will be noted that the 
inhibitory effect of pressure disappears for 
substrates of pH 4 at 4°C. It was found impos- 
sible to obtain data sufficiently reliable to permit 


the quantitative analysis of the effect of pressure 
of the individual constants. 

We may conclude finally that the reaction 
mechanism which has been put forward gives a 
satisfactory account of the effect of pH in the 
velocity of oxidation of monolayers of maleic 
anhydride §-elaeostearin, although it has not 
been found possible to make the experimental 
accuracy sufficiently high to permit a complete 
quantitative analysis of the effects of tempera- 
ture and pressure on the separate reactions 
involved. 

Thanks are due to Imperial Chemical Indus- 
tries (Dyestuffs Group) for a grant to one of 
us (G. G.). 
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An account is given of the effect of metallic catalysts and organic pro- and anti-oxygens 
added to the substrate on the rate of oxidation of monolayers of maleic anhydride a-elaeo- 
stearin. The catalytic effect depends both in direction and magnitude on the pH of the substrate. 
The results are discussed in the light of the autoxidation mechanism proposed in Part I, and 
a semi-quantitative kinetic treatment developed which accounts successfully for the principal 


features of the results. 


: discussing the general behavior of mono- 
layers of maleic anhydride 6-elaeostearin it 
it was noted! that the oxidation process is 
accelerated by adding to the substrate a small 
amount of CoSQ,, and retarded by a similar 
addition of hydroquinone. In this paper we shall 
examine these effects in more detail, especially 


in the light of the oxidation mechanism discussed 
above. 


METALLIC CATALYSTS 


The experiments to which reference has been 
made were concerned with the effect of CoSO, 
on the rate of oxidation on N/100 H2SO, 
substrates, and the behavior found was entirely 
in accord with expectation, the oxidation rate 
increasing progressively as the cobalt concen- 


*Proc, Roy. Soc, A153, 123 (1900), 








tration was raised. Replacement of cobalt by 
other metals however leads to more complex 
results. Thus MnSOQO, in V/100 H2SO, gives only 
small accelerations, while high concentrations 
cause a reversal of the sign of catalysis, the 
metal becoming an inhibitor. Similar results 
were found for lead acetate in N/100 acetic 
acid and also for CoSO, in N/10 HeSQOx,, while 
CoSO, in N/100 acetic acid gives more marked 
catalysis. It is evident that the catalytic effect 
of metals is complicated and is a function of 
both the concentration of the metal and the pH 
of the substrate. We have now to enquire 
therefore whether this behavior can be explained 
on the basis of the reaction mechanism given 
above, and we shall consider Co” as a typical 
example. No experiments have been made on 
alkaline substrates so that the only oxidizable 
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material to be considered is RiCH : CHR2». As 
OH H+ 

an additional simplification we shall restrict our 

attention to pH<2, so that the concentration 

of the acid complex can be neglected, and the 

unoxidized film treated as consisting entirely of 

the neutral complex. The positive catalytic effect 





of the metal we shall represent in the usual way 
as an alternative oxidation of the metal (by air) 
and reduction (by the film), while the negative 
catalytic effect is most simply accounted for by 
loss of HO: by oxidizing the metal. Combining 
these reactions with the normal oxidation mecha- 
nism we obtain the following set of reactions 


R,CH : CHR» R,CH : CHR. ) 
- +O: = +0,’ (1) 
OH H+ OH H+ 

O.’+H* =HO, (2) 

R,CH : CHR» R,CH —CHR, 

+HO.x> \ /  +H:20+H* (3) 
OH H+ Oz . (1) 

Co" +02 st +0,’ (8) 

RiCH : CHR» R,CH : CHR. 

i +Co"= +Co" (9) 
OH H+ OH Ht 
Co +HO, —Co'+HO,’ (10) 


(Followed by HO2’+H+=H,2O2, and the cata- 
lytic decomposition of the H,O2 produced.) 
These reactions are now to be analyzed 
kinetically so as to obtain an expression for the 
oxidation rate V, in terms of the concentration 
(c) of R,CH : CHR», [O02], [H+] and the 
OH- H+ 
concentration (c,) of cobalt added. The deriva- 
tion follows the same general method as has 
been employed in Part I, and will only be given 
in outline. The unknowns which have to be 











eliminated are [O»’ ], [HOz], [Co’’], [Co™* ] and 
C2, the concentration of Ri,CH : CHRz. The five 

OH H+ 
equations necessary are obtained by writing 
down: 


(i) the dissociation equilibrium of HO: 
(ii), (iii), (iv), stationary state equations for 
HOz, O2’ and RiCH : CHRe 
OH H+ 


(v) [Co J+[Co™ ]=c.. 


A slight simplification is introduced by writing c, instead of [Co”’] in obtaining the rate of reaction 
(10). The problem is readily reduced to the following quadratic equation for [HO2]: 





Rakes 
[HO }?-*-—— (: 


[Ht] ksLH* ] 


kiko 


ksLH+] 


koeks, 


(H*] 








c(Ril Oz | + koc-) ob bux O23( 1 + 


where 


The velocity of oxidation is given by 


)iretoatanes 


x =k3Co= Rokoe — Ro, — RC. (3) 








kiko Ro, ki Roe Roksr 
a ) +CH0.] (Ac+—"x)( —x + Rekoe — Rer+ C ) 
3 


ks[H+] [H+] © 


kiko, 





w+ bub[Os]+hac| =(), (2) 


3 


V= k3¢2[ HO2 ]=xLHOsz ]. (4) 


2 The nomenclature adopted is the same as in Part I (q.v.) and identical reactions are given the same number in 


both papers. 
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Also, from Eq. (5) of part I we know that the rate of oxidation V» in the absence of catalyst is 


kiclOz JLH*] 


given by 





~ [H+] +Rirkoe/ks 


(5) 


We now employ Eqs. (4) and (5) to change the variable in Eq. (2) from [HO2] to K/Ko, 


remembering that V/V)= 


K/Ko, by the substitution 


K kiksclOze |[TH* ] 





[HO2J=— 


(6) 


Ky x(Ripkoe+hks[H+]) 


We thus obtain the following quadratic equation for K/Ko: 





(- ) ky eet ky 
Ko x Ko 


= Roekg c(i [Oe ]+koce) + byx[02)( 





Rirkoe 
“| ( bts) | {orn +c.(Riol H+ ]+koeks,) 





=) (oe) 


ko, 
. s+ bub On]+ bac =0. (7) 


3 





ky 
x | kaka 


This equation is now to be used to discuss the variation of the catalytic effect as a function of [H*] 


and ¢,. 


VARIATION WITH pH 


At constant c¢,, (7) may be written in the 
empirical form: 


(K/Ko)’+(K/Ko)(A +B(H* ]) 
—(D+E[H*])=0, (8) 


where A, B, D, E are independent of [Ht]. 
This may be further modified by changing to a 
new variable 


Y=(K/K»)—1 (9) 


when we obtain an equation of the same form 
as (8): 


Y°+ Y(A’+B'[H*]})—(D'+E’[H*])=0. (10) 


As c.0, Y-0 so that for small values of c, the 
solution of (10) is 


D’+E’[H*] 


Fig, 
A'+B'TH+] 


|S 


(11) 


This equation requires that the catalytic effect 
of the metal will, in general, be a function of pH, 
but does not enable us to predict the direction 
of the effect. In order to apply it to the experi- 
mental data it is necessary to compare values of 





Y at the same (very small) value of c, and this 
is most conveniently done by comparing values of 


(= =") 
OC, c-=0 


at different pH’s. It is clear that the variation 
should be of the form 


cae) 


where a, 8, y are constants. In Fig. 1 plots of 





(12) 





1c — 


Fic. 1. Effect of pH on catalytic. Effect of cobalt. I, pH 
4.7; II, 3.8; III, 3.0; IV, 2.0. 





TABLE I. Variation of catalytic effect with pH. 
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(24 eo) ) - 





[H*] Ce [cc in g % Cor] 
obs. calc. 
2.0 10-5 12,000 12,000 
1.6 10-4 2,000 2,060 
1.01073 450 495 
1.0107 250 230 








K/Ko against c are given for a number of pH’s, 
and in Table I the observed values of 


(——) 
OC. c.=0 


are compared with the values calculated from 
Eq. (12) by putting a=0.298, 6=200, y=5-2 
X10-*. The agreement is certainly within experi- 
mental error over the range of pH 2.0 to 4.7. 
It was not found practicable to extend the 
measurements to higher pH’s as it was impossible 
to obtain sufficiently consistent velocity con- 
stants in this region, probably owing to the 
presence of traces of metallic impurity in the 
substrate. (At pH 5.3, a 10 percent acceleration 
would be produced by the presence of 3X10~° 
percent Co.). 


EFFECT OF COBALT CONCENTRATION 


We have next to enquire whether the observed 
change of sign of catalysis at high metal concen- 
trations is also explicable by this analysis. For 
this purpose Eq. (7) may be rewritten to give 
K/Ko as an empirical function of c., in the form 


(K/Ko)?+(K/Kv)(A+B-¢.+D-c,) 
~(E+F-c.+G-c2)=0, (13) 


where A, B, D, E, F, G are independent of c,. 
The condition for a reversal of sign of catalysis 
is given by K/Ky=1, whence 

1+A—E+(c.),(B—F)—(c.)?(G—D)=0, (14) 
where (c,), is the value of c, for K/Ko=1. Also 
since (c,)-=0 must be a solution of (14), 


E=A+1 


and we find 


(¢.)-=(B—F)/(G—D) (or0). (15) 


The existence of a critical concentration at which 





reversal of catalysis occurs is therefore predicted, 
but it is not possible to predict the variation of 
(c-), with pH. 


ORGANIC PRO- AND ANTI-OXYGENS 


The phenomena associated with the use of 
organic pro- and anti-oxygens in bulk have been 
widely studied and we are in particular indebted 
to Moureu and his collaborators* for the col- 
lection of a great deal of empirical information 
on this subject. A wide diversity of behavior is 
shown by the many systems investigated and 
examples have been found of almost every 
conceivable type of behavior, including the 
following :— 


(i) Simple acceleration or retardation of the 
oxidation, 

(ii) Acceleration by small amounts of catalyst 
and retardation by larger amounts, or 
vice versa, 

(iii) Reversal, i.e., acceleration during the early 
stages of the oxidation followed by 
retardation of the later stages, or vice 
versa. 


A few experiments soon showed that the 
results obtained in monolayers, when pro- and 
anti-oxygens are added to the substrate, are 
likely to prove almost as complex, although no 
example of reversal (class (iii)) has yet been 
found. Some typical results are given in Fig. 2, 
in which the effect of concentration on catalytic 
activity is shown for several oxidation catalysts 


at pH 1. 





























AN IAN 
TZN 
+ sd iw \ 
1855 6 20 lo 15 








LoG c — 


Fic. 2. Effect of organic pro- and anti-oxygens. |, iodo- 
acericacia; II, p-nitraniline; III, piperidine. 


3 For reviews see Chem. Rev. 3, 113 (1926); Chem. and 
Ind. 47, 819, 848 (1928). 











Le 


ool! 





ed, Instead of examining the behavior of a large 
of number of catalysts it was considered preferable 





AUTOXIDATION OF MONOLAYERS 


C,H,0.” a HO.—C;H {O2’ + HO,’, 
[H++HO,’=H.0z, 
Cs.H,O2"’ + H20.—-C,H,0.’ +OH’+0OH, 








to study a selected system in some detail and C,H,02” +OH—C,H,0»’ +OH’], 
the catalyst chosen was hydroquinone, the 2C6H 402’ C,H ,O2+ CgHsO02””. 
autoxidation of which has been extensively 
studied. This material is stable to oxygen at pH’s The bracketed equations we shall omit from our 
of below 7, its rate of oxidation being proportional analysis as they introduce no fundamental 
_ to [OH’. In terms of a free radical mechanism differences. We have now to formulate the 
red the oxidative process may be formulated as interaction of this system with maleic anhydride 
ol- follows.® B-elaeostearin, and we shall confine ourselves— 
ion C;H,(OH)»=2CsH .O2”’ + 2H*, as in the case of catalysis by cobalt—to the pH 
is CH Oo" +O2—=C,H,O2! +02’, range 2-7, so that the complete system to be 
ind H++0,’=HO,, examined is as follows: 
ary 
the R,CH : CHR: R,CH : CHRe ) 
i +02 — +0,’ (1) 
OH H+ OH H+ 
the 
H++0,' =HO, (2) 
si RiCH : CHR» R,CH—CHR; 
or +HO, ~ ~~ P +H,0+H* (3) 
OH H+ Or 
rly 
by CsH,(OH)e =C,H,0,”+2H* (11) |}. (16) 
was CsH,O.”’ +02 =C,H,O2’ +O,’ (12) 
the Cs.H,O."’ +HO, —C,H,0.’+HO,’ (13) 
nd 2C,H,0,/ —CsH,O2+CsH,02” (14) 
are 
no R,CH : CHR. R,CH : CHR, 
en a +C,H,0./= +C,H,0,” (15) 
D OH H+ OH H+ 
ti 
a Let c;=concentration of CsH,(OH)., (i), (ii) dissociation constants for reactions (2) 
Cs=concentration of CsHsO2”’, and (11). (iii), (iv), (v) stationary state equations 
¢7=concentration of CsH,O2’, for RiCH :CHRs, HOz and C,.H,O.’. The 
the remainder of the nomenclature being as OH Ht ’ 
defined above. Since hydroquinone is very Problem may now be reduced to an equation 





slightly ionized in the pH range considered ¢; 
may be identified with the total hydroquinone 
concentration. The analysis follows the same 
lines as before, the necessary equations being 
derived by writing down: 








CHO.) 








for [HO] but the expression obtained is much 
too cumbersome to handle. It can be greatly 
simplified if we neglect the term in c;*, a process 
which is justified to a first approximation since 
c; is small. The equation now becomes: 





RoR i2r(Rirkee+ks| Ht Risekisci Ritek isc: 
2ek12r(Rirke 3L Cee 11eR 13 ) | +0810.3| (ats —ts,— 11eR 13 ) 








kskisc( H+]? [H+]? [H+ }? 
«lo- 1 Rok irteR12rk 15 rCi Risekiscis oR kok i2r Rirek i126; 
F (FkactesLH}+ te 110K 12rk 15 _ RincRiscs Ri aek1 [0:]| ~[0s}{ e+ |- 
ks[H*] kiscLH* }? (H+? kislHt] LH*} (17) 


and 


‘La Mer and Rideal, J. Am. Chem. Soc. 46, 223 (1924). Reinders and Dingemans, Rec. trav. chim. Pays-bas 53, 209 (1934). 


*Cf. Weiss, Naturwiss. 23, 64 (1935). 
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A first approximation to the solution of this equation can be obtained by neglecting the term in 
[HO, }, since we know that [HO2] must be small, and our confidence in this procedure is increased 
by noting that we obtain the correct value of [HO: }) by putting c;=0. From the value of [HO, } 
we readily obtain the following expression for the catalytic ratio V/V». 








V (koL H+ ]+hi,-kee) {Ric thkikieci/LHt ]?} (18) 
RoR irekr2rR 5 r€i ks Riki Reel H+ ][O2 |+Rirekiskisc: 
Ric kipRoet+kslHt+ J+ i | 
kiscL H+}? [H+] koko — Ror — Ritekise:/LH* ]? 
This may be written in the form: 
V (A+[H+])(B+D-c;/TH+]?) ( 
= 19) 





Yr 


E+F[H+]+G:- 


Ci L+c;/(H*] 





[H+]? M—N-c;/[H+} 


where A, B, D, E, F, G, L, M and N do not involve [H* ] or c;. For small values of c; we can expand 
the last term of the denominator. Then collecting similar terms and introducing the condition that 
V = Vo for c;=0 we obtain finally (writing fresh constants) : 


V (A+[H*])(1+ B-c;/[H* } 


(20) 





Vo A+(H*]+D-c:/CHt}+E-c,/[H*}— F-c2/[H* 


We have now to employ this equation to discuss 
the variation of V/V» with c; and [H*] and we 
must remember in doing so that the equation 
has been derived on the basis of two assumptions 


(i) that c; is small, 
(ii) that 10°<«[H*+]+¢10-. 


If [H*] is very small, 
V AB 
V) E-F-c;/[H+] 








(21) 


At constant c;, V/V» will therefore increase as 


LOG K/K,—> 





50 ao do 20 10 
Log ¢ —— 


Fic. 3. Effect of hydroquinone on oxidation. 








[H+] decreases, while at constant [H+], V//1% 
will increase with c;. It is clear that this equation 
is meaningless for c;=EZ[H+]/F. If [H+] is large, 
v [H+] 
V, [H+]+D-c,/[H+] 
At constant c;, V/V» will therefore increase as 
[H+] increases, the limit being given by 1/1) 
—1; while at constant [H+], V/V» will decrease 
as C; increases. 
The condition for a reversal of sign of catalysis 
is found by putting V=V, in Eq. (20) and is 
easily seen to be of the form 


(c;),=a[H+}?+6[H+], (23) 


where a, 8 are constants. Combining the various 
deductions we have been able to make from 
Eq. (20) we thus reach the following conclusions: 


(22) 








(i) At constant c;, V/ Vo approaches unity at low 
pH’s, decreases as the pH is raised, passes 
through a minimum and then increases 
again, finally becoming >1 at sufficiently 
high pH’s. 

(ii) At constant [H+], the conclusions are less 

certain, but it seems most probable that 

the (V/V»~c;) curve should resemble in 
general form the (V/Va~ pH) curve. 
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In Figs. 3 and 4 are plotted the results of an 
extensive series of measurements over a wide 
range of values of both c; and [H+] and we 
observe that, within the limits defined above, 
the analysis is fairly successful. The decrease of 
V/V, at low pH’s is outside our restricted pH 
range, but the (V/Vo~H) curves are in other 
respects essentially similar to the prediction. 
In the (V/Vo~c;:) curves a reversal of sign of 
catalysis is found only for the two highest pH’s 
but there is some evidence of a minimum in the 
next lowest pH. If we insert the two observed 
values of (c,), in Eq. (23) we find 


a=10", B=3X104, 


whence we can calculate (c;), for other pH’s, and 
it is easily seen that for pH 5.5, (c;), 20.2 percent, 
while for the lower pH’s (c,), is impossibly high. 

The mechanism advanced in Part I thus gives 
a reasonably satisfactory account of the behavior 
of metallic catalysts and organic pro- and anti- 
oxygens. The treatment given, while only 
approximate, nevertheless elucidates the princi- 
pal features of the experimental results, and 
thus increases our confidence in the essential 
correctness of the mechanism proposed. 

The author is indebted to Professor E. K. 
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Fig. 4. Effect of hydroquinone on oxidation rate. 


Rideal for much helpful advice and criticism, 
and to Imperial Chemical Industries (Dyestuffs 
Group) for financial aid. 
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Nitrous Oxide 
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The number of molecules of gas uncondensed by liquid air formed per quantum absorbed by 
nitrous oxide has been determined both in the presence and absence of mercury. At least part of 
the primary dissociation must be into nitrogen molecules and oxygen atoms. A mechanism 
consistent with the facts involves the subsequent reactions O+N:O0=2NO and O0+0=O.. 
However, it is impossible to state definitely that none of the primary dissociation is into nitric 
oxide molecules and nitrogen atoms. The weakness of the absorption suggests that the absorp- 
tion is “forbidden” and it is possible that the nitrogen molecules and oxygen atoms are produced 
in their normal electronic states (with perhaps some vibrational energy in the nitrogen 


molecule). 


Sens photochemical decomposition of nitrous 

oxide presents a real theoretical interest 
because the number of possible modes of primary 
dissociation is limited to two and because the 


number of secondary reactions cannot be large. 
A study of the decomposition sensitized by 


mercury vapor was recently published, but it 


1 Manning and Noyes, J. Am. Chem. Soc. 54, 3907 (1932). 
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proved impossible to present conclusive evidence 
in favor of either primary step, although the 
initial production of a nitrogen molecule and of 
an oxygen atom afforded a somewhat better 
explanation of the experimental facts than did a 
dissociation into a molecule of nitric oxide and a 
nitrogen atom. 

The spectrum of nitrous oxide has been 
studied by many investigators.2 Due to the 
limited number of modes of dissociation and the 
well-known energy levels of the possible dis- 
sociation products, the temptation has been 
great to associate long wave limits of various 
absorption regions with energies corresponding 
to definite modes of dissociation. That most of 
the agreements obtained were fortuitous will be 
made evident in the following paragraphs. For 
this molecule, as well as for many others, this 
line of evidence gives no definite indication of the 
nature of the dissociation products. Changes in 
the heats of dissociation of nitrogen and oxygen 
have destroyed even the apparent agreement 
which existed in the past. 

The absorption spectrum of nitrous oxide 
between 1800 and 2000A is apparently perfectly 
continuous.” Only frequencies corresponding to 
modes of vibration in which the atoms are dis- 
placed along the axis of symmetry would be 
totally symmetrical, since the molecule is linear 
and nonsymmetrical (NNO).* These frequencies 
are all relatively large in the ground state and 
while they would doubtless be modified in upper 
electronic levels, the separation between vibra- 
tion levels should be sufficient to permit any 
vibrational structure in the absorption to be 
detected. If the molecule is not linear in the 
upper state, the appearance of the spectrum 
could not at present be predicted, but the absence 
of bands even at relatively high pressures and 
long path length*: ! would indicate strongly that 
the upper electron state involved in this absorp- 
tion region is repulsive. 

An aluminum spark in air was used as a source 
of illumination, giving wave-length greater than 


2See Duncan, J. Chem. Phys. 4, 638 (1936) for a study 
of the far ultraviolet spectrum of nitrous oxide. This 
article as well as reference 1 contain references to most of 
the work on the spectrum of this molecule. 

3 Plyler and Barker, Phys. Rev. 38, 1827 (1931); Bailey 
and Cassie, ibid. 39, 534 (1932). 

4 Wulf and Melvin, Phys. Rev. 39, 180 (1932). 
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1850A, corresponding to about 6.7 electron volts 
or less. However, the absorption extends to at 
least 2300A,‘ equivalent to about 5.4 electron 
volts. Energetically the following primary dis- 
sociations are the only ones which need to be 
considered? 
N2O=N.2(!2)+O0CP); AEF=1.81 ev; 
X<6800A, (1) 


AE 33.71 ev; 
A<3300A, (2) 


AE 23.87 ev; 
A<3190A. (3) 


Electronic excitation of the N2and NO molecules 
would be impossible, although they might be 
formed with a certain amount of vibrational 
energy. 

Only one determination of the quantum 
yield of photochemical decomposition of nitrous 
oxide seems to have been made.® The reaction 
was found to follow the equation 


and the value reported for the quantum yield 
was four. The author could only explain this 
large value by assuming the initial production 
of excited molecules, but as shown above this is 
unlikely in view of the type of absorption 
spectrum. Following a primary dissociation, 
secondary reactions would seem to afford a 
maximum quantum yield of two unless one 
postulates a very improbable energy chain 
mechanism. . 

It is perhaps significant that it is possible to 
explain the formation of oxygen only if (1) or (2) 
takes place, unless a secondary reaction between 
nitrogen atoms and nitric oxide is responsible.' 


N.O=N,(!Z)+O(‘D) ; 


N,O = NO(II) +N(AS) ; 


EXPERIMENTAL 


The number of molecules of nitrous oxide de- 
composing per quantum absorbed was not deter- 


5 The dissociation energies of Nz and Oy» are taken as 
7.34 and 5.09 ev, respectively (Mulliken, Phys. Rev. 46, 
144 (1934) and Herzberg, Zeits. f. physik. Chemie B10, 189 
(1930)). The heats of formation of NxO (Ramsperger and 
Waddington, Proc. Nat. Acad. Sci. 17, 104 (1931)) and 
NO (Lewis and Randall, Thermodynamics (McGraw-Hill 
Book Co., Inc., New York, 1923), p. 560) correspond to 
0.74 and 0.94 ev, respectively. The 2p*1S state of O and 
the 2p°2D and 2p%2P states of N may be of importance if 
more than one type of dissociation (beginning below 
2000A) needs to be considered. 

6 Macdonald, J. Chem. Soc. 1 (1928). 
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mined directly. Instead the number of molecules 
of gas uncondensed by liquid air produced from 
nitrous oxide per quantum absorbed was deter- 
mined. This was done (a) with mercury vapor 
present and (b) in a system as free as possible 
from mercury vapor and all substances which 
might react with the products of the reaction. 

(a) Radiation from an aluminum spark was 
focused by a quartz lens through a diaphragm 
onto the back window of a fused quartz cell. 
Back of the quartz cell and attached to it by 
Royal Scarlet sealing wax was the actinometer, 
in which hydrogen bromide was used as the 
standard substance. The sealing wax was about 
11 cm from the illuminated zone and the area 
exposed was kept small. The actinometer was 
separated from the McLeod gauge and vacuum 
line by a trap always immersed in dry ice and 
ether to prevent mercurous bromide from deposit- 
ing rapidly on the window of the reaction vessel. 

One molecule of hydrogen, uncondensed by 
liquid air, is assumed to be formed from hy- 
drogen bromide per quantum absorbed. Pres- 
sures of 3-6 cm of hydrogen bromide were used, 
the absorption of the active radiation being 
practically complete under these conditions.’ 

The thermal decomposition of the hydrogen 
bromide could not be neglected, so that the 
amount of decomposition for a given time of 
illumination with the nitrous oxide uncondensed 
by liquid air was subtracted from the amount 
obtained during exactly the same time with the 
nitrous oxide frozen down. In case of variations 
in intensity (as determined by a thermopile) a 
connection based on the amount of hydrogen 
bromide decomposing in the same time interval 
without illumination was ~made. These con- 
nections were small. 

The effective volumes of both systems were 
determined after each run by measuring the 
pressures on McLeod gauges and then evacuating 
both lines to negligibles pressures. The gases 
trapped in the gauges were released and the 
pressures read again. The effective volumes of the 
systems could be calculated from the ratio of 
pressures and the known volumes of the McLeod 
gauges. 

The transmission of the window between the 
reaction cell and the actinometer was also of 


7 Howe and Noyes, J. Am. Chem. Soc. 58, 1404 (1936). 
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importance. This was obtained by filling both 
cells with hydrogen bromide. The _ relative 
amounts of hydrogen produced in the two cells 
with the same intensity of illumination could be 
used to obtain a factor correcting not only for 
the transmission of the window but the volume 
of the reaction system. 

Following illumination liquid air was placed 
on a trap and the pressure measured. This was 
repeated at frequent intervals for several days 
until the pressure became constant. During this 
time the pressure increased 1.5 to 2.0 times that 
read immediately after illumination. This be- 
havior seems to be typical of systems containing 
nitric oxide, mercury and oxygen.* 

The following sample calculation shows how 
the data were treated: (1) From data obtained 
when both lines were filled with HBr one finds: 


No. quanta absorbed N,O line 





No. quanta absorbed HBr line 
= (1.86+0.03) FV; X 102, 
where F is the factor of the McLeod gauge used 


in the N.O line and V; is its volume. (2) Pressure 
of products = 19.87 arbitrary units at 25°C. 


Volume of line 
= 3.71, 





Volume of gauge 


No. molecules = 19.87 X 3.71 3.25910" FV, 
where 3.259 X 10!7=no. molecules per cc at 1 mm 
pressure at 25°C. Pressure of He produced from 
HBr (N.O frozen down)—pressure of He pro- 
duced from HB, (N.O not frozen down) =0.275 
arbitrary units. No. quanta=0.275 K 2.570 X10" 
X 1.8610? FV, where 2.570X10!7=no. mole- 
cules in HBr line at 25°C when pressure is 1 
arbitrary unit. 


Therefore quantum yield 
M 19.87X3.71X3.259 XK 10" FV; 


N 0.275X2.570X1.86X10"FV; 
= 1.8>. 








The preparation and purification of the 
nitrous oxide and hydrogen bromide have ben 
described.!: 7 


8 Noyes, J. Am. Chem. Soc. 53, 514 (1931); Flory and 
Johnston, ibid., 57, 2641 (1935). 
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Table I shows the results obtained with the 
technique just described. 


TABLE I. Quantum yield of gas formation from nitrous oxide 
with mercury present. 








No. MOLECULES 
UNCONDENSED BY 





PRESSURE Liguip AIR FORMED INTENSITY 

N20 cm PER QUANTUM ABSORBED (ARBITRARY UNITS) 

18.5 2.14 2.5 

18.3 2.35 3.4 

18.2 1.9; 3.1 
8.3 2.00 5.5 
4.9 2.62 2.6 
4.7 1.62 4.2 
3.5 2.17 3.9 
3.5 1.86 3.4 
1.4 1.93 5.2 
1.35 1.57 4.8 
1.2 1.83 2.8 
1.2 1.36 5.2 

Av. 1.95 








Nineteen additional runs were made in which 
the- reaction products were not always pumped 
out between runs. These agree somewhat less 
well among themselves than the runs in Table I. 
As a weighted mean of all results we may take 
1.9+0.2. There seems to be no significant vari- 
ation of yield either with total pressure or with 
intensity. There is, perhaps, a slight tendency 
for the yield to decrease at low pressures, but the 
values are somewhat less reliable under these 
conditions due to the smai! absorption by the 
N20. 

(b) Experiments in the absence of mercury 
vapor were carried out in a system from which 
mercury vapor was excluded from the beginning 
of the preparation of the line by a trap immersed 
in liquid air. Nitrous oxide was prepared as 
before and part condensed into the reaction line 
while the rest was allowed to escape through the 
diffusion pump. The line was then closed off by a 
stopcock and the pressure of N2O read on an 
Apiezon oil manometer. At all times the stopcock 
and Apiezon oil manometer were separated from 
the line to be used subsequently by a trap im- 
mersed in dry ice and ether. The nitrous oxide 
was then condensed in the reaction line and the 
vessel and pressure gauge sealed off. Pressures of 
the gases uncondensed by liquid air were read 
by a quartz fiber gauge which had been cali- 
brated using air. Since the only gases measured 
were NO (M.W.=30), O2 (M.W.=32) and 
N2 (M.W, = 28) the use of air (average M.W, = 29) 
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in calibrating the gauge introduced errors not 
exceeding 5 percent which would be small com- 
pared to other errors in these experiments. The 
number of quanta absorbed by the nitrous oxide 
was obtained as before and the transmission of 
the window between the reaction vessel and the 
actinometer again obtained by filling both 
systems with hydrogen bromide and adding a 
McLeod gauge to the nitrous oxide line. The 
volume of the N,O line was obtained by filling 
the various parts of the line from a burette after 
they had been taken part. 

The calculations in this case were made by 
obtaining the pressure of hydrogen in the 
hydrogen bromide line both when the nitrous 
oxide was frozen down with liquid air and when 
it was not. Since one molecule of He is formed 
per quantum absorbed, the number of quanta 
absorbed by the N,O could be calculated by 
dividing the difference in the numbers of mole- 
cules of hydrogen produced under the two con- 
ditions by the transmission of the window. The 
number of molecules produced by decomposition 
of the N.O which were uncondensed by liquid 
air, was calculated from the pressure and volume 
of the system, due account being taken of the 
part of the line which was at the temperature of 
the liquid air. 

For most of these runs the group of aluminum 
lines between 1860 and 1990A was separated by 
focal isolation. This reduced the intensity, 
thereby introducing larger errors due to vari- 
ations in the rate of thermal decomposition of 
the hydrogen bromide. This is probably the 
main reason for the less satisfactory concordance 
of the results in these experiments. 

During the first runs made the same increase 
in pressure after illumination was noted as 
before. However, with greater precautions to 
eliminate mercury vapor and the introduction of 
the dry ice ether trap to reduce the amount of 
impurity from the Apiezon oil and the stopcock 
grease, this effect disappeared. 

Two runs were made at the end without 
mercury vapor but with the Apiezon oil manom- 
eter still attached. No attempt was made to 
make quantum yield measurements under these 
conditions, but enough decomposition was ob- 
tained so that the increase in total pressure 
during exposure could be compared with the 
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pressure of gas uncondensed by liquid air. The 
results were not very satisfactory (due partially 
to the solubility of NO in the Apiezon oil), but 
it is interesting to note that after freezing the 
gases with liquid air and allowing them to 
evaporate, but not before, the color of NO:2 
could be observed in the line. This proves that 
NO and O: are both formed during illumination, 
as observed by Macdonald.® 

Table II presents the data obtained in the 
absence of mercury vapor. 


DISCUSSION OF RESULTS 


Since NO, is formed in the liquid-air trap, 
both oxygen and nitric oxide must be formed 
during irradiation. The pressure increase upon 
standing after illumination is observed also in a 
system of nitric oxide which has been irradiated 
when mercury is present.® 

In view of what is known about the behavior 
of mercury and nitrogen dioxide it is possible to 
show that either reaction (1) or reaction (2) fol- 
lowed by (5)—(9) will account for the observed 
facts. It is not possible to show that (3) does not 
take place at all. 


O+N.,0=2NO, (5) 
0+0+M=0.+M, (6) 
NO+30.=NOz, (7) 
Hg+NO.=HgNO,, (8) 
HgNO.=HgO+N0O. (9) 


If mercury is not present NO: will be removed 
by the liquid-air trap and (8) and (9) will not take 
place. If NO is formed in excess of that required 
to react with all of the oxygen by Eq. (7), we may 
write 


Ni=Ne+4N3=2N.4N;, (10) 


where N,;=no. molecules N.O disappearing, 
Ne=no. molecules nitrogen formed, N;=no. 
molecules nitric oxide formed, N,=no. molecules 
oxygen formed, all per quantum absorbed. But 


Ne=1 (11) 

and experimentally in the presence of mercury 
No+N3=1.90=1+N;3=¢1, (12) 

(13) 


N;=0.90, 





Therefore from Eq. (10) 
1+0.45 =2N,+0.90; 


(14) 


Since N;>2N,, the number of molecules of 
oxygen will determine the amount of NO» con- 
densed in the liquid-air trap in the absence of 
mercury. Therefore the number of molecules 
measured in the gas phase per quantum ab- 
sorbed will be 


o2=No+Ns+Ni—3N, (15) 
= 1+0.90+0.275 —0.825 
= 1.35. (16) 


This is in satisfactory agreement with the value 
given in Table II and shows that the data are 
not inconsistent with the mechanism. 

However, it is possible to satisfy the results by 
assuming both types of primary process, Eqs. 


(17)-(20). 


N.O+hv=N2+0, (17) 

0+0=0,, (18) 
N.O+hv=NO+4N, (19) 
N+N,0=NO+Nz. (20) 


If the two primary processes are equally probable, 
the quantum yields would be 1.75 and 1.25 
respectively in the presence and in the absence 
of mercury. However, the occurrence of reaction 
(5) is rendered probable by studies on the 
thermal decomposition of N2O.° This combined 
with evidence from the sensitized decomposition! 
indicates strongly that either (1) or (2) and 
(5)—(9) represent the mechanism of the decom- 
position. It can be said with certainty that (3) 
cannot be the sole primary step. 

It is of interest to give the apparent over-all 
reaction under the experimental conditions used. 


TABLE II. Quantum yield of gas formation from nitrous oxide 
with mercury absent. 











No. MOLECULES Av. IN- 
UNCONDENSED BY TENSITY * No. 
PRESSURE Liquip AIR PER (ARBITRARY OBSERVA- 
N2O cm QUANTUM ABSORBED UNITs) TION 
11 1.4; 4.5 5 
6.9 1.2; 3.9 9 


Av. 1.3+0.2 








* The arbitrary units are not the same as in Table I. 


® Musgrave and Hinshelwood, Proc. Roy. Soc. A135, 
23 (1932). 
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This is 
4N.0=2.8N2+2.5NO+0.70z2, (21) 


which may be compared with Eq. (4) obtained 
by Macdonald. 

It should be noted that the formation of Oz 
from oxygen atoms should proceed either as a 
three-body process or on the walls. Experi- 
mental conditions may be expected to influence 
the ratio of nitric oxide to oxygen, although it is 
usually difficult to find exact agreement with 
a rate expression based upon homogeneous gas 
phase association of atoms. At low intensities 
this ratio would probably not vary greatly, 
while a low pressure of nitrous oxide would tend 
to cause an increase in the amount of oxygen and 
a decrease in the quantum yield. The data in 
Table I show a trend such as this, but measure- 
ments could not be extended to very low 
pressures because of the low absorption coef- 
ficient of nitrous oxide. 

Some further speculations concerning the 
primary process may be made. Herzberg” has 
given reasons for believing that a normal NO 
molecule would separate adiabatically according 
to Eq. (2). Since N,O in its normal state is 
linear, diamagnetic and possesses a small dipole 
moment, it is doubtless ‘2+, with an electron 
structure somewhat similar to COs. The ab- 
sorption region with which we are concerned is 
extremely weak, at least compared to those at 
shorter wave-lengths.? It is possible, therefore, 
that the transition is ‘‘forbidden.”’ 

If an oxygen atom (or a nitrogen atom) is 
made to approach a nonrotating nitrogen mole- 
cule (or nitric oxide molecule) end-on, the states 
of the resulting NsO molecule may be predicted. 
However if the fragments as they separate 
depart from linearity, these predictions have no 
bearing on the present case except as regards 
multiplicity. 

10 Herzberg, Zeits. f. physik. Chemie B17, 68 (1932). 
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The predicted states are as follows: 
(a) From O?@P)+N.2(!2,+) : 82>, 311, 
(b) From O(:D)+N.(!2,+): 42+, 'I, 1A, 
(c) From N(*#S)+NO@(II) : #1, *I. 


Singlet—triplet transitions should be weak, 
as for diamagnetic molecules, and Y—II transi- 
tions should be relatively weak. The upper state"! 
may be ‘II or *II (although *2 is not entirely 
excluded as a possibility). The former could give 
reaction (2) and the latter either reaction (1) 
or (3). Since for photochemical reasons either 
reaction (1) or (2) must take place to a large 
extent, theory does not predict definitely whether 
the oxygen atoms will be *P or 1D. The weakness 
of the absorption is supporting evidence for a *II 
upper state, in which case the oxygen atoms 
would be produced in their normal (*P) states. 

The transparency of N.O in the visible and 
near ultraviolet must be due: (1) to the ‘‘for- 
bidden”’ character of the transition; (2) to con- 
siderations based on an application of the Franck- 
Condon principle. 

The interaction between the upper (repulsive) 
state and the ground state of NO must be 
weak, although the failure of attempts” to 
synthesize N2O from 4D oxygen atoms and 
normal nitrogen molecules would seem to indi- 
cate a large amount of such interaction. How- 
ever, one might expect the “‘steric’’ factor for 
such a reaction to be very small. 

The absence of a banded spectrum in N,0 
even at high pressures and at long path lengths 
indicates that the upper state is repulsive and it 
seems probable that the products are formed in 
their ground states with large amounts of kinetic 
energy. 


1 Cf, Mulliken, J. Chem. Phys. 3, 736 (1935). : 
2 A. B. Steiner, Ph.D. Thesis, Stanford University, 1937; 
kindly communicated by Professor P. A. Leighton. 
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Bond Force Constants and Vibrational Frequencies of Some Hydrocarbons' 


GEORGE GLOCKLER AND F. T. WALL 
School of Chemistry, University of Minnesota, Minneapolis, Minnesota 


(Received July 12, 1937) 


By use of valence forces, the normal coordinate method of treating vibrations has been applied 
to a number of related molecules and twenty-nine frequencies have been calculated and com- 
pared with experiment. The molecules considered are methylacetylene, dimethylacetylene, 


acetylene, diacetylene, ethane and methane. 


The frequencies calculated include all of the 


nondegenerate frequencies for the above molecules and the degenerate frequencies of methane. A 
set of five force constants has been applied to all of the molecules with fairly good results. 
The calculations have been carried out for both liquids and gases, a slightly different set of 
force constants being assigned to each state of aggregation. 





I. INTRODUCTION 


N this paper there will be given calculations 

for the vibrational frequencies of a number of 
hydrocarbons. Originally the calculations were 
started only for methylacetylene and dimethyl- 
acetylene in order to interpret the experimental 
results obtained by us for those substances.’ 
However, it was felt desirable to extend the 
calculations to include a number of related 
molecules in order to demonstrate that bond 
force constants could be used interchangeably 
in most cases for molecules containing similar 
bonds. Moreover the calculations have been 
carried out separately for liquids and for gases 
with a view toward establishing a set of force 
constants for each state of aggregation. Although 
assigning different sets of force constants to 
molecules in different states appears to be an 
arbitrary way of taking care of the intermolec- 
ular forces which are large for liquids, it is be- 
lieved that the results are sufficiently good to 
warrant that procedure. The complete list of 
molecules is methylacetylene (CH;C=CH), di- 
methylacetylene (CH;C =CCHs), acetylene (HC 
=CH), diacetylene (HC=C—C=CH), ethane 
(CH;CH;) and methane (CH,). Of these mole- 
cules, the last four have been treated by other 
authors* but they are also included here for 
reasons given above. 





‘This article is based upon part of a thesis presented to 
“ye Graduate School of the University of Minnesota by 
. T. Wall in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy, June, 1937. 
Cp locker and Davis, J. Chem. Phys. 2, 881 (1934); 
lockler and Wall, Phys. Rev. 51, 529 (1937). 
0 Acetylene: Mecke, Zeits. f. Physik 64, 173 (1930); 
lson and Kramers, J. Am. Chem. Soc., 54, 136 (1932). 
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Except for methane only the nondegenerate 
frequencies will be considered. For the molecules 
with threefold symmetry axes, only the vibra- 
tions symmetric with respect to those axes are 
nondegenerate, and for the linear molecules only 
the valence type vibrations are nondegenerate. 
Methane has four frequencies all of which are 
here considered. They include a totally sym- 
metric nondegenerate frequency, one doubly 
degenerate frequency and two triply degenerate 
frequencies. In Table I is shown a list of the 
molecules with the number of vibrations of the 
various types. The numbers followed by s refer 
to symmetric vibrations, whereas those followed 
by a refer to antisymmetric vibrations. The 
figures for dimethylacetylene and ethane are 
exclusive of the vibrations corresponding to 
rotation of the methyl groups with respect to 
each other. For dimethylacetylene the rotation 


TABLE I. Molecules considered. 








NUMBER OF VIBRATIONS 





FORMULA NONDEGENERATE DEGENERATE 
CH;C =CH 5 5 
CH;C =CCH; 4s 3a 8 
HC=CH 2s la 2 
HC=C—C=CH 3s 2a 4 
CH;CH; 3s 2a 6 
CH, 1 ee 

26 

Degenerate frequencies of 
Methane 3 
Total 29 








Diacetylene: Bartholomé, Zeits. f. physik. Chemie B23, 152 


(1933). Ethane: Sutherland and Dennison, Proc. Roy. 
Soc. A148, 250 (1935); Howard, J. Chem. Phys. 5, 442 
(1937). Methane: Dennison and Johnston, Phys. Rev. 47, 
93 (1935). 
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must be nearly free because the methyl groups 
are so far apart, but for ethane the rotation may 
be retarded.‘ 

Five Hooke’s law force constants are identi- 
fied as shown in Table II. It will be assumed in 
subsequent calculations that the constants have 
the same values for all of the molecules in which 
the corresponding bond type occurs. It is further 
assumed that the bending constants for the 
H—C-—H angles and the H—C—C angles are 
the same. It will be noted that there appears a 
term ?’*c_n in the expression for the potential 
energy arising from bending an angle. The term 
r’o_n is introduced to make k; dimensionally the 
same as the other force constants. Moreover it 
turns out that k; as indicated in the table and 
not k3r?c_y is what can be determined experi- 
mentally from vibrational frequencies alone. 
It is of interest to note that although the five 
force constants are sufficient in setting up poten- 
tial energy functions for all of the twenty-nine 
frequencies here considered, all five are also 
necessary for methylacetylene alone. From the 
standpoint of variety of bonds and low sym- 
metry, methylacetylene is the most complicated 
of the molecules listed in Table I. 


II. THE SECULAR EQUATION OF 
METHYLACETYLENE 


Because the nondegenerate frequencies of 
methylacetylene are symmetric with respect 
to the threefold axis of the molecule, it is 
sufficient for a dynamical consideration of the 
problem to take one hydrogen of the three 
methyl hydrogens as representative of all three. 
Indicating methylacetylene by the diagram of 
Fig. 1, the hydrogen marked ‘‘1” is taken as the 
representative hydrogen. The kinetic and poten- 
tial energies will be given by 


T= $mi(42 +91?) +3me(ée+e?+22) +3mia;* 
"= Bibi’ + dhobos* + 23kar i297? 
+ thats + dks bss”, 
fy=rig—7is, 1 =0—-0°, 
m,=miass of hydrogen atom, 
m:=mass of carbon atom. 


The first term in the kinetic energy expression 
has a coefficient $ instead of 3 because there are 


4 Howard, J. Chem Phys. 5, 442 (1937). 
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three hydrogens behaving similarly. Likewise the 
factor $ appears in the first and third terms of 
the potential energy expression. The factor 2 
is introduced into the third term of the potential 
energy because there are two angles changing for 
each hydrogen. The two angles are ¢ and @ as 
indicated in Fig. 1. They are respectively the 
H—C-—H angles and the supplements to the 
H—C-—C angles. It will be assumed that at 
equilibrium the angles are tetrahedral. In addi- 
tion to being a plausible assumption, it has the 
advantage of making the last mentioned factor 
exactly 2 instead of some less convenient number. 
For tetrahedral equilibrium angles a_ small 
change in @ is accompanied by an equal small 
change in ¢ for the nondegenerate vibrations. 

If the x’s and y; represent small displacements 
from equilibrium positions, there will exist 
linear relationships between them and the ¢'s 
and 7. It is then possible to set up equations of 
motion in terms of the é’s and 7 and by the 
usual methods arrive at a secular equation. 
The secular equation for methylacetylene is 
as follows: 














A+A B C 0 0 
D A+ E F 0 0 
G —3B \r-6C H 0 | =0, 
0 0 3C =6»-2H I 
0 0 0 H A+J 
\=4r’r’, vy=vibrational frequency, 
ans (8) tke 
A= -n( —+— F=—-—_, 
3m. mM 3mof 12 
2(8) kerio ky 
B Se. =—, 
3me Me 
ko Ra 
CcC=—, HT=—, 
3m me 
(8)*k ks 
= A ja—., 
3mMoP 12 me 
8 1 oe 
E= -24,(—+—), J=—k;{ —+— ]}- 
3m. mM, me mM 


The roots of the above secular equation will 
give the vibrational frequencies of methylacety- 
lene. Before expanding that equation and work- 
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ing with it numerically, the equations for some 
other molecules will be considered. 


III. THE SECULAR EQUATIONS OF ACETYLENE, 
ETHANE, DIMETHYLACETYLENE 
AND DIACETYLENE 


By methods similar to those employed for 
methylacetylene, the secular equations for acety- 
lene and ethane can readily be derived. The equa- 
tion for acetylene is 


A+J H 0 
I y\-2H TI |=0. 
0 H A+J 


For ethane the equation is 


+A B C 0 0 
D  dAt+E F 0 0 
G 





G —3B r-6C —3B =0. 
0 0 F AF E D 
0 0 Cc B  dr+A 





Examination of the secular equations for 
methylacetylene, acetylene and ethane will 
reveal the following remarkable fact. The 
methylacetylene equation down to the term 
\—6C is precisely the same as the ethane equa- 
tion down to the same term. Also the lower 
right-hand corner of the methylacetylene equa- 
tion is like the corresponding corner of the 
acetylene equation. Thus because one end of 








By actually carrying out the detailed work, 
the above equation can be derived. Similarly 

















TABLE II. 

CoNsTANT Bonp Type POTENTIAL ENERGY 
ky H—C of methy] etc. V = }ki(Arc_n)? 
ky C—C of ethane etc. V = }ko(Arc_c)” 
k; "a or mi V= 3ksr’c_H(A6)? 

C-H C-C 


of methane, ethane etc. 
kg C=C of acetylene etc. 


V = }ka(Arcsc)? 
k; =C-H of acetylene etc. 1 


V=}k; (Ar=c_n)* 








BOND CONSTANTS OF 


44 B C 0 0 0 0 
D w»+E F 0 0 0 0 
G -3B »-6C H 0 0 0 
0 0 3C \-2H 3C)—CliOODti‘ te | 0 
0 0 0 Ww i<C -8 CG 
0 .0 0 0 F  A+E D 
0 0 0 0 C B A+A 





HYDROCARBONS 




















Fic. 1. Methylacetylene. 


methylacetylene (CH;C=CH) is like one end 
of ethane (CH;CH;) and the other end is like 
an end of acetylene (HC=CH), the ends of the 
secular equations are related. The molecular 
structure of a molecule is accordingly related to 
its determinantal equation. 

It will be further noted that the equations 
for ethane and acetylene are symmetrical about 
their middle terms whereas the equation for 
methylacetylene has no such symmetry. It is 
apparent that the symmetry or lack of symmetry 
will show up in the secular equations. By in- 
spection of the equations so far written down, 
it is easily seen what the equation for dimethy]l- 
acetylene will be. It will be like the methyl- 
acetylene equation down to the term \—2H and 
in addition will be symmetrical about that term. 
The equation for dimethylacetylene is as follow : 








the equation for diacetylene can be written 
down. It will be related to the acetylene end of 
methylacetylene but will be symmetrical about 
the carbon—carbon single bond (C—C) term, 
namely : \—6C. Secular equation for diacetylene : 





A+ J H 0 0 0 
I \+-2H- 3C 0 0 
0 H rA—6C H 0 |=0. 
0 0 3C)— A 2H OT 
0 0 0 H A+J 













The equations for methane cannot be simply 
related to those already shown. Methane is best 
treated as an individual but the derivations 
will not be given here since it has already been 
given in the literature.* 


IV. EXPANDED EQUATIONS 


Because of their symmetrical nature, the 
secular equations given in the preceding section 
can each be separated into two factors. One of 
them for each of the equations will be of a 
degree one greater than the other factor. The 
roots of the factor with the higher degree will 
correspond to symmetric vibrations whereas the 
others correspond to antisymmetric vibrations. 
Since the equation for methylacetylene is not 
symmetrical, it will not factor, and its vibrations 
cannot be subdivided into classes according to 
symmetry properties. 


Letting k,’= —A, ko’ =6C, 
k,’= —E, k,' =2H, 
k;’=—J, m,=1, 


and mo=12, 


the equations have been factored whenever 
possible and then expanded to give the following : 
Methylacetylene: 


>—A’M+B’'N— C’N+D'X— EF’ =0, 
where 
A "=ky'’+he'’+hk3’+ka' +k;’, 


B' =405/407ky'k3’ +73/74ki' ko’ +hi'ky’ 
+hky'ks’+10/11ke’ks’ +h3/ka’ +k3’k5’ 
+3/4ke’ ka! +ho'ks’ +25/26k,’R;’, 


= 729/814ky'ko’k3’ +405 /407k1'k3'ky’ 
+405 /407k1’k3’ks’ +109/148k1'ho’ha’ 
+73/74Ry' Ro’ ks’ +25/26ki'ka’k;’ 
+29/44ko'k3’ky’ +10/11ke’ks’ks’ 
+25/26k3'ks’ks’ +37/52ko'ky'ks’, 


D’ =1053/1628ky'ko’ks'ky’ +729/814k;' ko’ ks’ Rs’ 
+336/481k;'ko'ka’ks’ 
+10125/10582k,’ks’ ka’ ks’ 

4357/57 2ke'ks'ka'ks’, 


E! = 3240/5291ky'ko'ks'ka'ks’. 
Dimethylacetylene (symmetric factor) : 


M— (Ri +h’ +hs'’ +hs')M+(73/74ki he’ 
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+405/407hki'ks’ +hi'ka’ +10/11h2'k3’ 
+1/2ke' ka’ +s’ ka’)? —(729/814Ry' ke’ k;’ 
+18/37ky’ko’ks’ +405 /407k1'k3’ka’ 
+9/22ko'k3'ks’)X+ 162/405k;'ko'’ ks’ ky’ = (0). 


Acetylene (symmetric equation) : 
te = (Ra’ +ks’)A+ 1 2/13k4'ks’ = 0. 
Diacetylene (symmetric factor) : 


N— (he +ha' +h5’)M+(1/2he’ ha’ Hho’ hs’ 


+25 /26k4'ks')X—6/13ko'ky’k;' =(, 


Ethane (symmetric factor) : 


3 heen (Ri! +he’ +h’)? + (36/37ki'ko’ 
+405 /407k1'k3’+9/11k2'k3’)d 
— 324/407 ky’ko’k;' =0. 
Methane: 


d =k, (nondegenerate), 
 =3k, (doubly degenerate), 
2 — (10/9k,+22/9k3)A+8/3kiks =0 
(triply degenerate). 


The equations for the antisymmetric fre- 
quencies of dimethylacetylene, acetylene, di- 
acetylene and ethane can be obtained from the 
corresponding symmetric equations by setting 
the force constant for the central bond of the 
molecule equal to zero wherever it appears in the 
symmetric equation. 


V. NUMERICAL CALCULATIONS; DiscussION 


The numerical calculations have been carried 
out for both liquids and gases using different 
sets of force constants. For convenience of 
numerical work \ was taken to be 10~° times the 
square of the frequency in wave numbers 
(cm). Taking five frequencies to adjust the 
force constants, the other twenty-four frequen- 
cies have been calculated. The values of the 
force constants obtained by using the equations 
of the preceding section in the manner just 
indicated will not be in dynes per centimeter. 
To convert the values to dynes per centimeter it 
is necessary to multiply the k’s (unprimed) by 

A4n*c? K 10° 
——— = 5.86 X 104, 


c=velocity of light, 
N= Avogadro’s number. 
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BOND CONSTANTS 











TABLE ITI. 
GASES Liguips 
FREQUENCY | CALc.}| Obs. Calc. Obs. 
MOLECULE YPE cm"! cm"! cm"! cm"! 
“CHsC =CH c-Cc (930) | 930 | (929.5)| 929.5 
H 1403 (1382.5) | 1382.5 
Cc-C 
C=C 2188 | 2142 2177.6 | 2123.5 
H —C (methyl])| 2968 | 2911+] (2896.6) | 2896.6+ 
=C-H 3337 3301 05 
CH3sC =CCHs C-C a 1103 1100 
a 1504 1492 
Cc-C 
H-C a 2908 2896 
c-C s 725 726 697:774 
H s 1373 1349 1379 
Cc-C 
c=C 5 2343 2334 2274f 
H-C s 2909 | 2909t+| 2897 2891+ 
HC =CH =C-H a 3294 | 3277 3258 
>=C s ‘| (1974) | 1974 (1959) 1959 
=C-H 5 (3374) | 3374 (3338) 3338 
HC =C-C =CH|C=C a 2038 | 2085 2023 


=C-H a_ | 3336 | 3350 | 3300 


c—C s 823 826 644 
C=C s 2289 2281 2183 
=C-H 5 3339 3303 
CHsCHs HL a 1315 | 1380 1288 
c-C 
H—-C a 2902 | 2926+ | 2890 
c-C s 1000 | 993 994 990 
HL s 1563 1554 1460 
\ 
Cc-C 
H—-C s 2914 | 2927+ | 2902 2920t 
CHa H d (1304) | 1304 1277 
\ 
C-—H 
H d 1461 1431 
C-H 
H-C s 2861 | 2915 2849 2909 
H—-C d (3022) | 3022 3009 2999 




















The calculated results with comparisons to 
experimental values are given in Table III. 
The numbers in parentheses were used to adjust 
force constants. Under the column headed 
‘Frequency Type” there are given whenever 
possible symmetry designations and the bonds 
principally involved in the vibrations. The ex- 
perimental values are taken from Raman and 
infrared work.?: > Since the infrared work has 
been done only for gases, no comparisons are 
possible for the antisymmetric liquid frequencies 
because the antisymmetric frequencies are for- 
bidden in the Raman effect. Other gaps will 
also be found in the table because of incomplete 
results. 

The experimental values followed by a 
dagger (t) are the means of two observed fre- 

*See Hibben, Chem. Rev. 18, 1 (1936) and Stuart, 


Molekulstruktur (J. Springer, Berlin, 1934) for other 
references. 
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TABLE IV. Values of force constants. 











k DYNES/CM 
CONSTANT Bonp TyPE Gases | Liquids 

ki C-H 4.795 X10 | 4.756 X 105 
ko CcC-C 6.266 6.373 

ks H or H 4169 4000 

\ } 
c-C C-H 
ka C =C (CeHe) 15.568 15.342 
C =C (others) 14.92 | 14.57 
ks =C-—H 5.870 | 5.743 














quencies arising because of resonance associated 
with accidental degeneracy.® For gaseous methyl 
and dimethylacetylenes only one C—H_ fre- 
quency was observed for each,” but it is believed 
that better experimental conditions would have 
yielded two, the second frequency having a 
lower value in each case. This is an analogy to 
the liquid cases, where two lines were observed, 
the higher of which had the much greater 
intensity. Assuming that the doublet separations 
for the C—H frequencies is the same for the 
gases as for the liquids, ‘“‘mean values” have been 
calculated for the gases. In the table these values 
are followed by two daggers (ff). 

On the whole the agreement between the 
calculated and the observed frequencies is 
fairly good. The greatest discrepancy is for the 
C—C frequency of diacetylene. One general 
trend is observed. The calculated values for the 
C=C frequencies are too high for methyl- and 
dimethylacetylenes. It appears that the carbon — 
carbon triple bond is weakened by the substitu- 
tion of methyl groups for hydrogens. 

In Table IV there are given the values of the 
force constants for liquids and for gases. Two 
sets of values are given for k,, the first of which 
was used in the calculations. The second set was 
arrived at by approximate computations, and it 
should apply better for the substituted acety- 
lenes. Except for the carbon—carbon single 
bond force constant, all of the force constants 
are larger for gases than for liquids. We have not 
yet arrived at any plausible explanation for the 
difference in behavior of the carbon—carbon 
single bond. 


® Adel and Barker, J. Chem. Phys. 2, 627 (1934); 


Badger, J. Chem. Phys. 5, 178 (1937). 











OCTOBER, 1937 


JOURNAL OF CHEMICAL PHYSICS 


VOLUME 5 


Interaction in Molecules Between Rotation and Slightly Anisotropic 
Oscillations 


HARALD H. NIELSEN 
Mendenhall Laboratory of Physics, Ohio State University, Columbus, Ohio 


(Received August 3, 1937) 


The problem of the interaction between rotation and oscillation in two dimensionally 
slightly anisotropic molecules is considered quantum mechanically on the basis of model 
rotating only about an axis normal to the plane in which the oscillations take place. The 
energy of the molecule in the ground state becomes (h/2)(v1 +2) +K*h?/82°A while for the upper 
states the energies are E=h(v1+v2)+(K?2+¢*)h?/822A + ((Av/2)?+ (Kh/42?A)*f2)$, where ¢ 
is a quantity depending upon the normal coordinates which in general is not an integer. The 
selection rules are such as to enhance the intensities of the set of lines in the sides of the two 
bands adjacent to each other at the expense of the set of lines in the sides of the bands farthest 
away from each other. The spacings between rotational lines of the first set converge rapidly 
toward a limiting value of (1—f)h/42*A, while for the other set the spacings approach a value 


(1+¢)h/4rP?A. 


I. INTRODUCTION 


T has been pointed out by several writers! that 

in polyatomic molecules where the symmetries 
are such that oscillations, isotropic in two or three 
dimensions (and therefore two or threefold de- 
generate), may take place, the interactions be- 
tween rotation and oscillation will in general 
give rise to anomalous spacings between the 
rotation lines in an absorption band. This effect 
is directly associated with the fact that to an 
isotropic oscillation may aiways be ascribed a 
certain amount of angular momentum so that the 
total angular momentum of the molecule must 
be thought of as a kind of a vector sum of the 
angular momentum of the molecule rotating and 
the angular momentum of the molecule oscillat- 
ing rather than, as is usually the case, consisting 
just of the angular momentum of rotation. 
If these vectors add up in one sense the rotational 
spacing will be larger than the normal spacing 
while if these angular momentum vectors add up 
in the opposite sense the spacing will be smaller 
than the normal spacing. These vectors may be 
said to add up in the positive sense or the nega- 
tive sense depending upon whether or not the 
rotating electric moment is in the same sense or 
the opposite sense as the oscillational angular 
momentum vector. This might classically be 
equivalent to saying that in the first case the 
~ 1E, Teller and Tiza, Zeits. f. Physik 73, 791 (1932); 
E. Teller, Hand und Jahrbuch der Chemie Physik, Vol. 9 


(1934), p. 125; D. M. Dennison and M. Johnston, Phys. 
Rev. 48, 868 (1935). 
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electric moment will rotate with a frequency in 
excess of the rotational frequency of the molecule 
while in the second case the opposite will occur. 
When the isotropy is three demensional as is 
the case in the methane molecule, the spacings in 
nearly all the bands will be affected, while if the 
isotropy is confined to two dimensions, as is the 
case in the methyl halide molecules, so that the 
degenerate oscillations lie in a plane normal to the 
axis of symmetry, only the perpendicular bands, 
or those arising from oscillations lying in that 
plane, will be affected. For molecules like the 
methyl halides the two identical moments of 
inertia are much larger than the third, so that 
as is well known, the perpendicular bands will 
consist of a series of intense and nearly equally 
spaced lines protruding above a background 
made up of lines too closely spaced to be re- 
solved spectroscopically. These rather intense 
lines protruding above the general background 
are known to arise when the molecule executes 
a rotational transition where AJ=0, AK= +1, 
J and K being respectively the quantum number 
of total angular momentum and the quantum 
number of angular momentum about the axis of 
symmetry. Now these transitions are in reality 
just those which a rotator rotating in two di- 
mensions only is permitted to make and for this 
reason it has been possible on the basis of a 
model where rotation occurs only about an axis 
normal to the plane in which the isotropic oscilla- 
tions are contained to compute and _ predict 
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quite accurately what the effect upon the ap- 
pearance of the absorption band will be due to 
the interactions of the above kind. 

In polyatomic molecules of even less degree 
of symmetry the two dimensional isotropy will in 
general disappear so that the oscillational 
degeneracies will be removed. One might quite 
well expect therefore, that such interactions as 
those described above would vanish. An interest- 
ing case arises, however, when one considers 
the case where the anisotropies are small so 
that the now nondegenerate vibration frequen- 
cies are separated by an interval Av which is of 
the same order of magnitude as the rotational 
frequencies that may occur in the band.? We 
shall here consider a case where two dimension- 
ally slightly anisotropic oscillations occur and 
investigate what will be the nature of the inter- 
action between these and the rotation of the 
molecule, examining at the same time what may 
be expected to be the effect on the observed 
spectrum. A complication is here clearly met 
with, namely, that in general, such molecules 
may no longer be categorized as symmetric, 
but rather as asymmetric rotators. If, however, 
we confine ourselves to such molecules which are 
only slightly asymmetric the rotational motion 
may still, toa good approximation, be represented 
by that of a symmetric top and then we may 
again base our predictions upon a model where 
rotation occurs only about an axis normal to the 
plane containing the two dimensionally slightly 
anisotropic oscillations. 


II. EIGENVALUES FOR A ROTATING ANISOTROPIC 
MOLECULE 


The model which we shall consider is one 
in reality only of academic interest, but one 
which may be useful in interpreting certain of 
the bands in a coplanar X YZ- type of molecule 
of which the formaldehyde molecule is a well- 
known example. The X atom and the two Z 
atoms of such a molecule form an isoceles tri- 
angle with the Y atom located somewhere along 
the bisector of the vertex angle. In such a 
molecule, frequencies will occur which arise 
from oscillations of the electric moment at right 
angles to each other in a plane normal to the 
axis of symmetry of the molecule. Two such 

*E. B. Wilson, Jr., J. Chem. Phys. 4, 313 (1936). 





oscillations which may frequently be expected to 
lie not far removed from each other are the ones 
which may respectively be thought of as arising 
from a bending at the vertex of the YZ, triangle, 
which in first approximation is to be regarded as 
remaining rigid, of the X Y arm of the molecule 
in the plane of the molecule and normal to it. 
The nature of these is perhaps better visualized 
by referring to Fig. 1 where it may be seen that 
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they correspond to actual deformations of the 
molecule. They are consequently often. referred 
to as “deformation” frequencies. When such 
frequencies differ by only small amounts they 
will, as we shall see, when they are coupled 
to the rotation of the molecule, give rise to 
interesting interaction terms in the energy of the 
molecule. 

The kinetic energy of the above molecule 
described in terms of a set of coordinates x’y’ 
and 2’ fixed in space will be: 

4 


T= ¥ (m,/2) (4.7? +92"? +22”), (1) 


k=1 
where m, m2 and mz; are the masses of the 
particles Z, X and Y, respectively. As we have 
indicated earlier, we shall consider the rotation 
of the molecule restricted so as to be only about 
an axis normal to the plane containing the two 
anisotropic oscillations. For this purpose a set 
of coordinates x, y and z rotating with the 
molecule is more suitable. We shall consider the 
z axis to be the axis of symmetry of the molecule 
about which the rotation is to take place and 
for convenience it is made to coincide with the 
space fixed 2’ axis. The following simple formula- 
tions relate the two sets of coordinates to each 
other : x’ =x cos gy—y sin 9; y’ =x sin g+y cos 9; 
z’=z. In terms of these new coordinates the 
rest positions of the Z, X and Y particles shall 
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be designated in the following manner : x;°= —a, 
yr =0, 2:°=21°; x2°=a, yo°=0, 22°=2,"; x3°=0, 
ys° =0, 23° =23°; x4°=0, ys°=0, 24°=2,°. Since the 
YZ, triangle is to be regarded as rigid we have 
that x; =x. and y:= ye, X1, X2, y1 and ye being the 
displacements along the x and y axes of the Z 
particles. By fixing the center of gravity of the 
molecule at the origin of the coordinate system 
and setting the linear and angular momenta 
equal to zero we have further that x;=cmx, 
x4=dx, Ys=Cc'y1, ys=d'yy, X3, X4, V3 and V4 being 
the displacements along the x and y axes of the 
X and Y particles. The constants c, d, c’ and d’ 
are abbreviations for the following quantities: 


c= — (2m (2m, +m) 21° +2mym323") / 


(m3(m3+m4)23°+2mm321°), 
d=-— 2m (23° — 21°) /((m3+m,4) 33° +2m)2;°) ; 


c’ = —(2m,(2m,+m,4)2;°+2mym323° 

+2mymy4y1°) /(m3(m3+m,4)23°+2mym32;") and 
d’ ae: ae 2m,(z3° —2z,° —y1°), ‘((m3+m4)23°+2m)2,°). 
Finally we have also that 2;= —z2 where these 


are the components along the z axis of the actual 
displacements of the Z particles in the yz plane 
from their positions of rest. It is convenient also 
to make the further substitutions: 


= 3((1—d)z3°—(c—1)2,° 

— (2—c—d)z;")x1/(23°—2,4°) and 
y=((1—d’)23°—(1+c¢' —2d’)z,° 

— (c’ —d’)21")y1/ (24° — 21°). 
The variables z; and 22 are, however, not inde- 
pendent variables, but as may be seen from 
Fig. 1, are related to y; and y, in the following 
manner : 2; = —22=(y4—y1) tan a where a is equal 
to half the Z— Y—Z angle. Replacing 2; by its 
equivalent (d’—1)y: tan a, the relation (1) be- 

comes transformed into: 


T = (u/2)(#? +279) + (u’/2)(y+y°¢") 
+yl"(xy—aty)e+(A/2)¢? (2) 
w in the above being an abbreviation for: 
4(2m, + msc? + mad?)(z3° — 24°)?/((1 — d)z3° 
— (c — 1)z4° — (2 — ¢ — d)z,°), pw’ for (2m, 
+2m,(d’—1)? tan? atmsc” +m’) (24° —21°)?/ 
((1—d’)23°—(1+¢’+2d’)24°+(c’ —d’)2)°)’, uw” for 
2(2m, + mscc’ + madd’)(z4° — 2°)(%3° — 24°)/ 
((1 -—d)z3° — (2 —c—d)2,° — (¢ — 1)24°)((1 —d’)z3° 
—(1+c¢'+2d’)z,°—(c’—d’)z,°) and A for the 
moment of inertia 2m,a? of the molecule. 
The potential energy of the molecule ex- 
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pressed in these coordinates may be taken to be: 
V = (29? uv,?)x?+ (297 y' v2?) y" (3) 


so that the quantum-mechanical equation ap- 
propriate for our problem may, neglecting 
certain terms which will be small, be found to be: 


{ (wu! /u)0?/ dx? +0?/dy? + (u’/A)((u'/m) 970? / dx" 
— (u/p’)x*d?/dy? — (ul /up’)(yd/dy 
+2xyd/dyd/dx+xd/dy))+(u’/A)P/de 
—2(u'/A)(u"/n’) (yd /dx —xd/dy)d/d¢ 
+ (82°y'/h?)(E — (27? yv,")x? 
— (27? u' v2”) y?) |W =0. (4) 


It is convenient to introduce the notation 
a=(4r°uv;/h) and B=(427y'v2/h) in the above 
as well as to affect the changes of variable 
§=a'x and n»=6'y. Noting further that ¢ is ignor- 
able so that YW may be written F(é,n) exp (7K¢), 
K being as usual integral Eq. (4) becomes 
transformed into: 
| (am’ /m)0?/0& +80? / dn? 

+(u’/A)((ap’/Bu)n*d?/ ae 

+ (Bu/ cu’) 20?/ An? — (u!”* up’) (nd / On 

+ 2ntd/dd/dn+ £0/0£)) 
—(2iKy’/A)(u’’/u’)((a/B)*d/dE 

— (B/a)*£0/dn) 

+(A— (ap’/u) & — Bn) } F(E,n) =0 (5) 


\ being made to replace (827y’E/h?) —y'K?/A. 

Equation (5) lends itself readily to solution 
only when a= (ap’/u) =8 in which case the prob- 
lem degenerates to that of a two-dimensional iso- 
tropic oscillator rotating about an axis norma! 
to its own plane. If, however, we confine ourselves 
to such molecules where the anisotropy is small 
so that (a, )(ay’/u) and B are not greatly unlike, 
the equation is still exactly soluble when one 
neglects certain terms of the order of magnitude 
(Av/v)(h/42?A) i.e., small as compared with the 
rotational frequencies of the molecule and which 
in first approximation need not be taken into 
account. We shall confine ourselves to the funda- 
mental bands only so that it will be sufficient to 
obtain the solution and eigenvalues to Eq. (5) 
for the lowest and the first excited states only. 
Neglecting the above terms, we may take F(é,) 
for the ground state to be F(é,n) =(a8/zx)* exp 
— (+7?) /2 which yields as the energy value the 
following : 


E(0,K) =(h/2)(vit-v2)+K2h?/82°A, (6) 
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h being as usual Planck’s constant, v; and v2 the 
frequencies of the two oscillations and A the mo- 
ment of inertia. For the two excited states there 
will be two functions F(é,y) which will equally 
well satisfy Eq. (5), namely gi=2n exp 
—(#+7")/2 and yi=2— exp —(&+7*)/2. Sub- 
stituting these into (5) one obtains respectively 
as the first-order terms the following: 


\(A\—B—3(ap’/u) —(u’” up’) (u’/A)) 
— (21K y'/A)(u’"/u’)(n/€)(v1/¥2)* fyi =, 


(A — 38 — (arm!) — (ul up’) (u'/A)) 
+ (21K p'/A)(u"’/u’)(E/n)(v2/01)*} g1 =0, 


which, observing that the operators £/n and 7/é 
operating on g; and y respectively convert 
them into y; and ¢;, yield at once the linear 
homogeneous equation : 


[(A—B—3(ap’/u) — (nu! /up’)(u’/A)) Wr 
—(2iKy’/A)(u"’/p’)(v1/v2)'¢1=0, (7) 


(2iKu'/A)(u"/u’)(v2/r1)*~it[(A—3,8 
— (ap! /w) — (uw /un’)(u’/A)) Jor =0. 


The determinant of the coefficients of g; and ¥, 
vanishing, will serve to determine the eigen- 
values of the molecule for the first excited states. 
Diagonalizing the energy matrix, one obtains: 


E(1,K) =h(vy+ v2) +A((11— v2)?/4 
+(Kth/42°A)*)i+(K*+¢")(h?/87°A). (8) 
where 
c=(u"/u’) and f° =(u"" wy’). 


The characteristic functions for these states will 
be linear combinations of g; and y, the coeffi- 
cients in each case being given by the minors of 
the determinant (7) upon substitution for \ the 
root corresponding to that state. Designating by 
¥(+1) and ¥(—1) the characteristic functions 
whose eigenvalues are respectively obtained by 
using the plus and the minus signs before the 
radical in Eq. (8), we obtain after normalization : 


V(+1)=N{ (tK¢h?/41°A)(v2/v1)22n 
+h[ (v1 — v2) /2+((11— v2)?/4 
+(Kth/4n°A)*)! ]2g}e—@ +) /2, 
v(—1)=N{ —th[ (v1 — v2) /2+((r1 — 2)?/4 
+(Kgh/41°A)*)? ]2n (9) 
+ (K¢h/42?A)(v;/v2)?2E}e— H+”) 2, 
N*= |h?[ (v1 — v2) /2+((v1— v2)?/4 
+(Kgh/47n°A)*)? P 
+(K¢h/42°A )*(v;./v;)} "(42 priv 9/h?)', 


k and j being respectively 1 and 2, and 2 and 1 
when JN is used with the first and the second 
functions. 

Before approaching the question of what will 
be the selection rules for such a molecule as the 
above and what effect these interactions might 
be expected to produce on the intensities of the 
lines in a band it will be convenient to note how 
the energies and the eigenfunctions will behave 
in two limiting cases. In the one limiting case 
where v;— v2 approaches zero so that it may be 
considered negligible with respect to Kh/47°A, 
Eqs. (6) and (8) degenerate into hy+K°*h?/8x°A 
and 2hv+(K+)*h?/87°A, respectively, which are 
just the energies of a two-dimensionally iso- 
tropic oscillator rotating in its own plane as 
determined by Teller and Tiza. Letting = p sin @ 
and =p cos @ the characteristic functions de- 
generate into (a/7)! exp (— ,*/2) for the ground 
state and into (a/2'1)'p exp (— p?/2) exp (70) 
and (a/2'r)'p exp (—)?/2) exp (—76), complex 
conjugates of each other, for the upper state. 

The other limiting case arises when v; — v2 is so 
large with respect to K¢h/4x°A that the latter 
may entirely be neglected. The energy values (6) 
and (8) then reduce to (h/2)(11+v2)+K°h?/87°A 
for the ground state and for the upper state 
(h/2)(3v1+v2)+Kh?/82?A +const. and (h/2)( 
+3v2)+K*h?/8x?A+const. These are just the 
energy values which one would obtain when one 
assumes that the quantum mechanical equation 
is exactly separable in the coordinates of rotation 
and oscillation. The two states will now have 
become completely separated and the functions 
characterizing them will according to (9) take 
just the anticipated values: 


W(+1) = (a8 /27*)*(2E exp — (2+n*)/2) 
and ¥(—1) =(aB/2n*)*(2n exp —(#+n°)/2). 


We might therefore expect such a molecule 
as the above, for small values of the rotational 
quantum number K where Av could be con- 
sidered large compared to K¢h/4z°A to behave 
very much like a molecule of the latter limiting 
case, but as K increases so that Kfh/47°A be- 
comes of the same magnitude and eventually 
large as compared with Ay, that it would ap- 
proximate more nearly the first limiting case in 
its behavior. 
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III. SELECTION RULES AND THE QUESTION OF 
INTENSITIES 


The final conclusions of the previous section 
may be confirmed quantitatively by a study of 
the selection rules and the intensity relations. 
The rules of transition may be arrived at by 
examination of the nonvanishing matrix com- 
ponents of the electric moment as the molecule 
executes a transition from the ground state to 
one of the two characterized either by ¥(+1) or 
W(—1). Since the method is an obvious one, we 
shall not here derive them, but content ourselves 
merely by stating what they are. When a transi- 
tion from the zeroth vibration state to one of the 
two upper states takes place the selection rule 
for K will in general be AK=-+1, lines in the 
spectrum occurring at the following correspond- 
ing frequency positions: 


v=(vy+v2)/2F (Kh/42°A) 


+ {(vy—v2)?/4+(Keh/4n°A)*}3. (10) 


From this it will be seen that when Av? is large 
compared with Kf¢h/47°A the spacing between 
rotational lines approaches the normal value 
h/4n*A, but as K increases, taking like signs in 
(10), the spacing approaches (1+ £)h/42°A; 
taking opposite signs in (10), a value approaching 
(1-—¢)h/4n°A prevails. Examination of the 
matrix components verifies, moreover, that when 
the molecule executes an oscillational transition 
from the ground state to the state +1, the proba- 
bility of the rotational transition K=K’+1 in 
the lower to K=K’ in the upper state increases 
at the expense of the transition K=K’—1 to 
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K=K’', as K increases. Similarly, when the 
molecule makes a transition from the ground 
state to the oscillational state —1, the transition 
K=K'—1 to K=K’ increases in probability at 
the expense of the other. 

This result is again consistent with the work 
of Teller and Tiza in which they showed that 
for a two dimensional isotropic oscillator rotat- 
ing in its own plane, ¢ being taken as unity, the 
rotational structure would collapse into a 
single line, i.e., the spacing between two adjacent 
lines would be zero. This is virtually what 
happens in our case as Kh/41*A becomes 
large compared to Ap. 

In conclusion we shall simply summarize the 
derived results. In certain molecules when oscil- 
lations occur which are only slightly anisotropic 
interactions between rotation and _ oscillation 
may occur, not wholly unlike those that take 
place in completely symmetric molecules. The 
effect upon the spectrum will be a rapid con- 
vergence of the rotational lines in the halves of 
the two bands adjacent to each other toward a 
limiting value of the spacings (1—¢)h/47°A, 
while on the other sides the spacings between 
lines rapidly approach a value (1+¢)h/47°A. 
The intensities of the former set of lines will at 
the same time be enhanced at the expense of the 
latter set of lines. 

The author desires to express his gratefulness 
to Professor E. Teller and to Professor D. M. 
Dennison with whom he has had occasion to 
discuss this problem and who have made sug- 
gestions distinctly helpful in deducing the results 
in the present formulation. 
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Two Bands in the Infrared Spectrum of Formaldehyde 
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Two infrared bands of the type arising from oscillations of the electric moment normal to 
the axis of symmetry have been measured under high dispersion and identified as the two 
oscillations which are at right angles to each other and which in Sutherland and Dennison’s 
notation are vs and »s. Their centers are respectively at 1278 cm and 1165 cm™. The anom- 
alous spacing between the principal rotation lines is accounted for on the basis of an inter- 
action between rotation and the two oscillations which are only slightly anisotropic. 
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I. INTRODUCTION 


T has been possible by measurements on the 
absorption by formaldehyde vapor in the 
ultraviolet? and infrared regions® of the spectrum 
to accurately determine the magnitudes of the 
moments of inertia of this molecule. Concerning 
what are to be taken to be the fundamental 
vibration frequencies, however, considerable am- 
biguity has existed, for while the five bands in the 
region 3.0u to 7.0u may definitely be identified, 
no such identification for the remaining bands 
from 7.0u on has until now seemed possible. 
Neither has it been possible to enlist any aid in 
this matter from the Raman spectrum which has 
only been investigated for formaldehyde in 
solutions. Four investigatorst of the Raman 
spectrum of formaldehyde in solution following 
different methods of procedure, draw the unani- 
mous conclusion that the standard 40 percent 
water solution cannot give rise to the funda- 
mental frequencies characteristic of H2CO, but 
that the lines observed must be attributed to 
products of hydration or of polymerization—a 
conclusion supported also by other physical 
evidence.* Certain authors have drawn upon the 
results of a fifth investigator’ of the Raman 
spectrum of formaldehyde in solution for the 
purpose of assigning vibration frequencies to 
the H:CO molecule, apparently without too 
close scrutiny of its validity for the purpose. 
The measurements are reported to be on an 80 
percent solution but which we are inclined to 
interpret as a misprint intended to read 30 
percent. Our belief is based upon the experience 
of one of us in an attempt to make Raman 
measurements on pure liquid formaldehyde and 
on concentrated solutions as well (all of which 
were maintained at —78.5°C and illuminated by 
radiation of wave-length 4358A only) which 
failed because of the too rapid polymerization of 
the formaldehyde at the walls of the Raman tube. 

Fellow of the Royal Society of Canada. 

P ssa: Diecke and G. B. Kistiakowsky, Phys. Rev. 45, 

3 Harald H. Nielsen, Phys. Rev. 46, 117 (1934). 

_‘ Kohlrausch and F. Képpl, Zeits. f. physik. Chemie 24, 
370 (1934); P. Krishnamurti, Ind. J. Phys. 6, 309 (1931); 
James H. Hibben, J. Am. Chem. Soc. 53, 2418-9 (1931); 
190 Ee Klg. Norske Videnskab Selskabs Skrifter 9, 
_5Frederic Walker, J. Phys. Chem. 35, 1104 (1931); 


V. Henri and A. Schou, Zeits. f. Physik 49, 774 (1928). 
* N. Pal and Sen Gupta, Ind. J. Phys. 5, 24 (1930). 
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Even if the solution in the above were of a 
concentration of 80 percent we do not feel that 
these frequencies may unequivocally be assigned 
to the formaldehyde molecule for of the six lines 
reported, all except the one at 1768 cm~ fall at 
positions coincident with lines, reported also by 
the other four investigators, concerning which 
there is general agreement. It seems only natural 
to ascribe these lines also to products of hydra- 
tion or polymerization since it is difficult to 
believe that such products would not also be 
present in a solution of formaldehyde in 80 
percent concentration. 

To help clarify what are the actual facts 
concerning the fundamental bands due to the 
formaldehyde molecule we have remeasured the 
entire spectrum of the vapor from 1.0 to 15.0u 
using a prism spectrometer of the Wadsworth- 
Litrow type. In addition the entire spectral range 
7.0u to 12.04 has been investigated under high 
dispersion using a prism-grating spectrometer. 


II. EXPERIMENTAL 


An important advance in the experimental 
technique over that of other attempts is the 
improved absorption cell here used in making 
these measurements. This cell was actually 
developed in preparation for the measurements 
which we proposed to make on the isotopic 
formaldehydes.’? The small amounts of these 
compounds which were available prevented 
employing the older method of displacing the air 
in the cell by fofmaldehyde vapor and necessi- 
tated constructing a cell which would remain 
vacuum tight up to 200°C. This was accom- 
plished, however, by sealing the joints which the 
polished rocksalt windows make with the ground 
ends of the glass tube of which the cell was 
made with glyptal (No. 1201). These cells were 
eminently satisfactory and have been operated 
at temperatures as high as 250°C without any 
signs of deterioration. No difficulty was experi- 
enced from the unequal expansion of the glass 
and the rocksalt during the raising of these cells 
to their desired temperatures since the glyptal 
takes an appreciable time to lose its elasticity. 
On cooling, however, strains were produced 
which frequently cracked the halite windows or 
broke it loose from the glass tube. 


7 To be published soon. 
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The cells of the above type were 7 cm long 
and 5 cm in diameter. They were evacuated 
and tested before a weighed sample of para- 
formaldehyde sufficient to yield enough formal- 
dehyde vapor to produce the desired absorption 
(generally enough to produce formaldehyde 
vapor to a pressure of about 20 cm Hg) was 
introduced. The cell was then evacuated, sealed 
off and raised to a temperature above that 
required for complete sublimation.’ Besides 
economizing on the material a cell such as that 
described above possesses the other obvious 
advantage of insuring that no oxidation of the 
formaldehydes could take place. This cell was 
used for all the measurements made with the 
prism spectrometer and for many of the high 
dispersion measurements as well. 

It is clearly desirable, if possible, to make 
the high dispersion measurements at room 
temperature. It was found possible to do this in 
the following manner. To a cell similar to the 
one described above, 27 cm long was joined a 
trap which in turn was joined to a reservoir 
containing polymerized formaldehyde which had 
been purified according to the method of Spence 
and Wild.® The entire system was evacuated 
and sealed off and then the formaldehyde was 
sublimed over into the trap where it was collected 
as a liquid by a freezing bath kept at a tempera- 
ture of —78.5°C. At this temperature the liquid 
formaldehyde, which is monomeric, has a vapor 
pressure of 22 mm® Hg. The 27 cm cell filled 
with formaldehyde vapor at this pressure offers 
a path length of sufficient magnitude for the 
absorption measurements to be readily made. 
Polymerization of the vapor on the walls and 


8 A rough determination of the vapor pressure of para- 
formaldehyde yielded the following results: 


T°C 30 65 80 90 100 110 120 
P mm Hg 0 156 246 331 372 401 586 


®R. Spence and W. Wild, J. C. S. 507 (1935); R. Spence 
and W. Wild, J. C. S. 338-40 (1935). 
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windows of the cell occurs slowly at this pressure 
and the cell may be used with confidence for 
about four hours. The cells were then taken 
apart and completely rebuilt. The measurements 
obtained using this cell were found to duplicate 
those obtained when the heated cell was used 
except that in the former case the lines were 
noticeably sharper and more details in the 
absorption pattern were discernible. For the 
exploratory prism work, a prism spectrometer 
of the Wadsworth-Litrow type was available. 
It was used only to verify the results obtained in 
the earlier investigation and to extend the 
exploration from 11.0u to 15.0u. The spec- 
trometer used to make the high dispersion 
measurement was the same used in other experi- 
ments carried out in this laboratory and is 
capable of resolving lines separated by frequency 
intervals of less than 1 cm~. Two gratings were 
used in making the measurements from 7.0y to 
12.0u, one ruled by R. W. Wood with 800 lines 
per inch and another with 1200 lines per inch. 
The latter was most generously loaned to us by 
Professor H. M. Randall for these measurements. 


III. EXPERIMENTAL RESULTS 


The absorption spectrum of formaldehyde as 
determined prismatically is shown in Fig. 1 and 
confirms in general appearance the prism curve 
of Nielsen although the present one seems to 
indicate more continuous absorption from 7.54 
on. This may be due in part to the somewhat 
better resolving power of the prism instrument 
used in the earlier experiment. Regions of 
intense absorption occur near 3.5yu, 5.7, 6.74 
and 7.54 to nearly 10u, but beyond these no 
evidence of any absorption bands could be found. 

The region from 7.54 to 10u was found to 
consist of two rather intense and overlapping 
bands, having the characteristics of oscillations 
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perpendicular to the axis of symmetry. From 
7.54 to beyond 8.0u the region duplicates almost 
exactly the data reported by Nielsen, except 
that with the cell operated at room temperatures 
considerably more detail was to be found. As 
reported in our preliminary communication,!° 
the data from this point on was entirely different 
from those of Nielsen. The band reported by him 
was of the type arising from an oscillation 
parallel to the axis of symmetry of the molecule 
while that which here is found is another band of 
the type where the electric moment oscillates 
perpendicular to this axis. It is probably to be 
concluded that the earlier reported band was due 
to some impurity present, perhaps some product 
of oxidation, but certainly not to formaldehyde. 
It is to be noted also that the spacings between 
the lines of this band reported in the earlier work 
are slightly less than those in other bands of 
this type. In all events the measurements on 
this region have been repeated a great many 
times and under varied conditions, but the 
pattern has consistently repeated itself. In Fig. 
2 (a) is reproduced the absorption pattern of 
this region as it was obsefved with the cell 
operated at room temperature. Our Fig. 2 (a) 
embraces the region 9.6% reported by Nielsen 
to and including the lines given by him in his 
Fig. 5. One additional line has been added to 
this latter group. In Table I are given the 
frequency positions of the principal lines in the 
band. The convergence of these so noticeable in 
Nielsen's Fig. 5 is here shown by the additional 


,detail we have observed to be only an apparent 


one. The fact that the spacings between the 


sah S. Ebers and H. H. Nielsen, J. Chem. Phys. 5,” 84 
of 





rotational lines in the extremities of the two 
bands is something over 23 cm™ or nearly 50 
percent larger than those in the similar type of 
band near 3.5 in the spectrum of formaldehyde 
is a detail worthy of some note. 


IV. DISCUSSION OF THE RESULTS 


These rather intense bands comprising the 
region from 7.54 to 10u and here measured under 
high dispersion must undoubtedly be taken to be 
the so-called ‘‘deformation”’ frequencies which in 
Sutherland’s and Dennison’s" notation are »; 
and vs. As to which is which of the two fre- 
quencies is more difficult to ascertain, however. 
Our most likely avenue of successfully identifying 
these is by a study of the rotational structure. 
The formaldehyde molecule, considered as a 
rotating body, is a slightly asymmetric top so 
that these two oscillations which are both normal 
to the axis of symmetry (i.e., the one is perpen- 
dicular to the plane of the molecule while the 
other remains in the plane) might be expected 
to produce bands whose rotational structure 
would in a general way be similar except near 
the centers. These lines near the center which 
are the only ones really affected by the asym- 
metry become split up into components here too 
closely spaced for spectroscopic resolution and 
would appear rather as broadened lines. The 
manner in which this broadening takes place, 
however, is different for the two lines nearest 
the center in each of the two bands. For the 
oscillation out of the plane the two central 
lines converge toward each other giving an 


apparent spacing between these something less 


1G. B. B. M. Sutherland and D. M. Dennison, Proc. 
Roy. Soc. 148A, 250 (1935). 








than that between any of the other lines in the 
band, while for the oscillation remaining in the 
plane, the central lines converge away from each 
other producing a spacing between them larger 
than that between other lines in the band. 

The two bands lie, moreover, very close 
together; separated from each other by an 
interval Ay of only slightly more than 100 cm™. 
The frequencies are therefore only slightly 
anistropic and interactions between rotation and 
oscillation may therefore be expected to occur of 
the type discussed by one of us.” We shall 
assume further that this type of interaction does 
not here materially alter the asymmetry of the 
molecule so that the energies of the molecule 
rotating and oscillating in these modes may to a 
good approximation be written: 


h W®\J(J+1)f71 1 
B=-(ntn)+(—)—— _+—) 
2 87? 2 A; A, 


Whris1 1 1 
EE G)-3] 
82? 2 A z A v A z 
for the ground state and: 
h2 


E=h(vs+ ala tnatlt —W)(1/2A,.+1/2A,) 


(W+%*)h? Vs—Ve6\? he \*73 
a ACT) +) | @ 
87°A, 2 4r°A, 


for the first excited states where W are the roots 
of the Wang-Klein™ secular determinant for the 
eigenvalues of the asymmetric rotator and which 
may perhaps most readily be obtained from the 











TABLE I. Frequencies of principal absorption lines for the 
region 7.0u-10yp. 











Line No. FREQUENCIES INCM™! LINE No. FREQUENCIES IN CM™! 
—6 1027.0 —6’ 1229.1 
-—5 1051.0 —4’ 1239.3 
—4 1075.9 —3’ — 
-—3 1099.7 —2’ 1259.0 
—2 1121.8 —1’ 1265.3 
—1 1146.3 0’ 1275.2 

0 1165.7 +1’ 1300.8 
+1 — 1312.3 
+2 1093.4 +2’ 1323.0 
+3 oe +3’ 1339.4 
+4 1204.6 1347.0 
+6 1213.8 +4’ 1370.5 








? Harald H. Nielsen, J. Chem. Phys. 5, 818 (1937). 
13S. C. Wang, Phys. Rev. 34, 243 (1929); O. Klein, 
Zeits. f. Physik 58, 730 (1929). 


826 E. S. EBERS AND H. H. NIELSEN 


equations of Nielsen.“ In our case these will 
approximately be equal to K*, K taking all 
integral values from zero to J, the quantum 
number of total angular momentum. An approx- 
imate value for the constant ¢ occurring in the 
above equation has been calculated in reference 
12 on the basis of a model where the CH, 
triangle remains rigid and may be seen to have 
an involved dependence on the normal modes of 
the oscillations. Replacing W by K? in (1) and 
(2) and observing that in the case of a symmetric 
top that the strong lines in a perpendicular 
band like the ones here observed which protrude 
above the background are obtained when the 
molecule executes a transition of the type 
AJ=0, AK=+1, one obtains the following 
approximate relation for the frequency positions 
of the lines in the two bands: 


v= (vs+ v6) /2+(h/80*)(3(1/Az+1/Ay) 
+(?—1)/A.)+(Kh/4n°)(3(1/A,+1/A,) 
—1/A.)+((¥s—%)?/4+(Kh/41°A,)*), (3) 


K taking the values 0, +1, +2, etc. the effect 
of this interaction on the spectrum will be seen 
from (3) to be, to give spacings between the 
principal rotational lines in the extremities of 
the bands farthest away from each other and in 
the sides nearest each other, the values (h/47°) 
X (3(1/A.+1/A,) —(146)/A.,), respectively. It 
will be seen that the spacings actually observed 
between these principal lines ultimately reached 
here would perhaps be about 26 cm. Actual 
quantitative agreement between predicted lines 
and experimentally observed lines is approached 
when one takes 


vs+(h/8n*)(3(1/A2+1/A,)+(§?—1)/A:) 
and, 
vet (h/8n*)(3(1/Az+1/A,)+(f?—1)/A.), 


respectively, equal to 1278 cm and 1165 cm", 
(h/4n*)(1/A,—3(1/Az+1/A,)) =16.2 cm™ and 
¢ equal to about 0.80. Applying the approximate 
value of ¢ computed in reference 12 to the 
molecular model of formaldehyde proposed by 


4 Harald H. Nielsen, Phys. Rev. 38, 1432 (1931). In 
the equations for W given in this paper, several errors 
occur, some of which are misprints and others which 
apparently are due to errors in copying from the original 
manuscripts. Corrections to these may be found in a paper 
by Randall, Dennison, Ginsberg and Weber, Phys. Rev- 
52, 160 (1937). 
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Diecke and Kistiakowsky where the H—C—H 
bond angle is taken to be tetrahedral one obtains 
a value of ¢ equal to about 0.6. Considering 
the approximations made in these calculations 
this value seems in satisfactory agreement with 
the experimentally determined value. In com- 
puting the energies (1) and (2) from which the 
predicted lines are calculated, actual W values, 
and not merely the approximate ones W=K? 
were used. The W values actually employed 
were the same determined by Nordsieck” in 
calculations made by him on the appearance of 
the infrared bands of formaldehyde. 

The alternating intensities of the principal 
lines as observed in the two bands are readily 
accounted for when one considers the presence 
of the two identical hydrogen atoms each with 
a nuclear spin 3(h/27). This serves to divide the 
molecular energy states into a symmetric and 
an antisymmetric classification in the following 
manner. The complete wave function W for a 
state will be a product of the following functions ; 
the electronic wave function ®, the oscillational 
wave function R(vj, ve, v3, V4, Us, 6), the rotational 
wave function @(J, 7, M) and the nuclear spin 
function S. The number 7 occurring in @ is the 
parameter introduced by Dennison!® and takes 
the 27+1 values —J to J, the state of lowest 
energy for any value of J being that character- 
ized by r= —J. 

The symmetry character of ® for an inter- 
change of the two identical hydrogen nuclei is 
unknown to us; R, however, is a symmetric 
function when all the v’s are zero, but anti- 
symmetric when either v; or vg becomes one, all 
the others remaining zero. The symmetry char- 
acter of the function © for a molecule like HeCO 
where the axis of the least moment of inertia 
bisects the bond angle of the carbon has been 
discussed by Dennison and is independent of J. 
For any value of J, it is alternatingly symmetric, 
antisymmetric; antisymmetric, symmetric be- 
ginning always as symmetric for r= —J. Apply- 
ing the general exclusion principle for protons 
which states that only such energy states are 
permitted to exist where the entire W function 
is antisymmetric for an interchange of these, we 
see that the rotational levels will be divided 





ns A. Nordsieck, Phys. Rev. 45, 133-4 (1934). 
D. M. Dennison, Rev. Mod. Phys. 3, 280 (1931). 


into two groups, those having a symmetric and 
those having an antisymmetric nuclear spin 
function. Of these the first have a weight factor 
3 as compared to a weight factor 1 for the second. 
Having determined 
vst+(h/8n*)[3(1/A.+1/A,) +(g?—1)/A s], 
vo+(h/8n*)[3(1/A.+1/A,) +(6—1)/Az], 

respectively, to be 1278 cm™ and 1165 cm“, 
bearing in mind that the lines occurring at these 
points arise from transitions J=J, r=—J+1 
—J=J, r= —Jor J=J, r= —J+2-J=J, r= 
—J (ie., J=J, K=1—-J=J, K=0 in the case of 
the symmetric top) and noting, moreover that 
these lines are strong lines, we have also deter- 
mined that the levels J=J, r= —J+1, r=—J 
+2 have in the ground state a symmetric spin 
function. Thus the spin function (and as well 
the weight factor) to be associated with any 
level in the ground state has uniquely been 
determined. In the first excited states this 
classification will be just completely reversed 
because the function R is here antisymmetric. 
It may be seen, moreover, that the electronic 
part of the wave function must be symmetric 
for an interchange of the two identical hydrogen 
nuclei. From the above it becomes clear that the 
principal lines in the bands should be expected to 
occur alternately strong and weak on either side 
beginning with an intense line for the transition 
J=J, r=—-J+1, —J+2-J=J, r=—J. 

The lines predicted by the permitted transi- 
tions between the energy levels computed from 
(1) and (2), using J values up to and including 
J=10, have for the sake of convenient com- 
parison been plotted with their appropriate 
intensities in Fig. 2 (b) directly below the experi- 
mentally observed spectrum. While certainly 
additional lines will arise from levels of J value 
greater than 10, they will serve principally to 
fill out the background of the band which is here 
experimentally unresolved. The additional labor 
involved in computing the values of W has not 
seemed justifiable considering what might be 
gained in the actual agreement to be had between 
theory and experiment. In general we feel the 
agreement between the.theoretically predicted 
spectrum and the experimentally observed spec- 
trum as shown in Figs. 2 (a) and 2 (b) to bea 
satisfactory one when one considers the approxi- 
mations that have been made. 
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The Dielectric Constant of Isopropyl Alcohol Vapor 


J. D. SrRANATHAN 
Department of Physics, University of Kansas, Lawrence, Kansas 


(Received July 29, 1937) 


The dielectric constant of isopropyl alcohol vapor has been measured at 12 different temper- 
atures between 26.8°C and 190.4°C. At each temperature, measurements were made at many 
different vapor pressures. It is emphasized that this procedure is highly desirable. The slope, 
obtained by least squares, of the resulting (K—1)/(K+2) versus pressure curve gives one 
point on the Debye line. Twelve such points were obtained. Unusually pure isopropyl alcohol 
was used. The data fall on a Debye line whose equation as obtained by least squares is: 
[(K—1)/(K+2)]RT/p’ = (17.40+0.41)+ (17,490+155)/T. This yields a value (1.682 +0.007) 
X10-'8 e.s.u. for the electric moment of the isopropyl alcohol molecule. These results agree 
closely with some previously unreported measurements made by the author three years ago. 





T is becoming more and more important to 
have available reliable values for the perma- 
nent electric moments of various molecules. A 
survey of the literature covering dielectric studies 
of dilute solutions shows that a large number of 
electric moments obtained therefrom appear 
inconsistent. Numerous of these inconsistencies 
may disappear when the effect of the solvent!~* 
is entirely understood and taken into account; 
others, where different observers obtain different 
moments using the same solvent, must be due to 
experimental error or impure materials. Too 
many studies are marked by the extreme scarcity 
of measurements at really low concentrations. 
Measurements of the character reported by 
Hoecker* appear much more reliable. A similar 
survey of dielectric studies of vapors again 
shows that all too often various workers fail to 
agree on molecular moments. The author feels 
that many of these inconsistencies have been 
introduced likewise through lack of sufficiently 
extensive data. The present requirement as 
regards electric moment studies appears defi- 
nitely one of accuracy and reliability rather than 
of quantity. With the hope of better fixing some 
of our moment values, the author, three years 
ago, obtained data on several alcohol vapors, 
including the two propyl isomers, and water. 
The data on water vapor were published.’ Those 
on the alcohols have never been reported. At 


1 Miiller, Physik. Zeits. 38, 283 (1937). 

2 Higasi, Inst. Phys. and Chem. Res., Tokyo, Sci. Papers 
28, 284 (1936). 

3 Frank, Proc. Roy. Soc. 152A, 171 (1935). 

4 Hoecker, J. Chem. Phys. 4, 431 (1936). 

§ Stranathan, Phys. Rev. 48, 538 (1935). 
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the time the measurements were made, it was 
believed the alcohols used were of high purity. 
Shortly thereafter, it was found by Cady and 
Rarick® that the more usual tests of purity often 
failed to show the presence of appreciable 
impurities in many of the alcohols. For this 
reason the author’s data were not reported. 
Recently Cady and Rarick made available to 
the author some isopropyl alcohol of unques- 
tioned purity, some which they had purified and 
tested. Dielectric data obtained on this alcohol 
are presented here. 

Dielectric constants were measured by the 
heterodyne beat method, using previously de- 
scribed apparatus’ operating entirely on alter- 
nating current, along with a carefully calibrated 
variable capacity standard.* The vapor con- 
denser with quartz insulators, and the vapor 
system, were the same as those used in securing 
previously reported® data on water vapor. Di- 
electric constants were measured at 12 different 
temperatures between 26.8°C and 190.4°C. At 
each temperature, measurements were made at 
an average of 16 different pressures, ranging 
from the lowest measurable up to near saturation 
when such saturated vapor pressure did not 
exceed one atmosphere. These data are shown 
in Fig. 1. For the sake of clarity, data are shown 


for only half of the temperatures used. ?’ 


6 Drs. H. P. Cady and Morgan Rarick of the depart- 
ment of chemistry, University of Kansas. Tests of purity 
were made through accurate and frequent molecular 
weight determinations during the fractionation. A descrip- 
tion of the apparatus will no doubt be published in the 
near future. 

7Stranathan, Rev. Sci. Inst. 5, 334 (1934). 

8 Stranathan, Rev. Sci. Inst. 5, 315 (1934). 
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represents the pressure the vapor would exert 
were it an ideal gas; it is obtained from the 
observed pressure p and the van der Waals 
constants a and 3), thus: 


b'=pL1+(p/RT)(a/RT—d)]. 
While obtaining data at so many different 
pressures at each temperature adds enormously 
to the experimental data and the associated 
calculations, the author feels that this is a most 
desirable procedure. Possibly numerous incon- 
sistent dielectric data in the literature can be 
attributed to its all too infrequent use. The 
advantages are threefold: (1) The greater num- 
ber of points alone should yield a more reliable 
value for the slope of the curve; (2) Having a 
well-defined curve allows one to judge much 
more certainly the extent over which the curve 
is truly linear. Lack of linearity may result from 
imperfect correction for deviation from the ideal 
gas law, and certainly results from adsorption 
of the vapor on the insulator surfaces® in the 
vapor condenser. The start of such curvature is 
so gradual that its presence is easily overlooked 
unless caution is used; (3) The well-defined 
curve extending to low pressures allows one to 
evaluate the slope, either graphically or by least 
squares, without assuming that the curve passes 
through the origin. The experimental curve may 
fail to pass through the origin due to any one 
of the following three causes: Any small error 
in the zero of the mercury manometer used; 
failure to correct perfectly for the pressure of 
the column of liquid, which is not all at the 
same temperature, present as one builds up the 
vapor pressure in the test condenser ; the possible 
presence of an effect suggested by Zahn and 
Miles,® due to lack of thermal equilibrium in an 
evacuated condenser. To the extent that these 
errors are constant at any one temperature, they 
will not affect the slope of the curve; hence, it 
seems unwise to assume that the curve passes 
through the origin. 
The molecular polarization is given by 
(K-—1)M/(K+2)d 
=(K—1)RT/(K+2)p’=A+B/T, 
the last equality being a result of the Debye 
theory. The constant A should be equal to the 
molecular refraction extrapolated to infinite 
* Zahn and Miles, Phys. Rev. 32, 497 (1928). 
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wave-length; the permanent electric moment of 
the molecule can be obtained from the constant 
B. The molecular polarization at any tempera- 
ture is obtained from the slope of the corre- 
sponding curve in Fig. 1. By plotting the data 
for any temperature to a large scale, one can 
judge over what pressure range the curve is 
linear. At higher temperatures, for which the 
highest pressures used were far below saturation, 
the entire curve is linear. At the lower tempera- 
tures, slight curvature is apparent at the higher 
pressures. For each temperature the slope of the 
best least squares line through all points on the 
linear section was found. The average number 
of points on these linear sections was 14; in no 
case were there less than 8. While some personal 
error of judgment may still enter in determining 
the extent of the linear section, the least square 
solution for the slope of this line is no doubt less 
subject to personal error than is a_ purely 
graphical solution. 

Figure 2 shows the products of molecular 
polarization and absolute temperature plotted 
against 7. The data fall accurately on a straight 
line, no point being off the line by as much as 
one percent. Previous data by Kubo,!° and 
previous unreported data by the author, are 
indicated. A least squares solution for the best 
line through the author’s present data gives: 


(K —1)RT/(K+2)p’ 
= (17.40+0.41) +(17,490+155)/T. 


This yields an electric moment" of (1.682 +0.007) 


10 Kubo, Inst. Phys. & Chem. Res., Tokyo, Sci. Papers 
26, 242 (1935); 27, 65 (1935). 

11 This moment is calculated using the Millikan value 
of e; if the now indicated higher value of e proves correct, 
then this and all similarly calculated moments will have 
to be raised by approximately ? percent. 
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x 10-48 e.s.u. for the isopropyl alcohol molecule. 
The polarization 17.4 contributed by other than 
the permanent moment is but slightly larger 
than the electronic molecular refraction, 16.8", 
extrapolated to infinite wave-length ; it indicates 
a smaller atomic polarization than found by 
Kubo. The electric moment here found does not 
agree well with previous vapor data. Using data 
at 4 different temperatures, Kubo found: 


(K —1)RT/(K+2)p’ =21.1+15,470/T, 


yielding a moment 1.58X10-%. On the other 
hand, the author’s present data on undoubtedly 
pure isopropyl alcohol agree with those obtained 
but not reported by the author three years ago. 
At that time the author found, from data at 8 
different temperatures ranging from 15.5°C to 
194.5°C: 


(K—1)RT/(K+2)p' 
=(17.7240.77) +(17,432+295)/T, 


yieldiug a moment (1.679+0.014) x 10-18. While 
the purity of this earlier sample was not the 
equal of the present, the sample was of the 
highest grade obtainable, carefully dried and 
fractionated ; it was no doubt the equal of that 
used by other workers. Several values for the 
moment of the isopropyl alcohol molecule have 
been obtained from dilute solution studies. 
Mahanti” reported a value 1.78 X 10-8; Donle™ 
found 1.70; Hennings“ found 1.63; Mahanti® 
more recently found practically no difference in 
the moments of various alcohols, giving 1.64 for 
isopropyl; Higasi!® reported 1.70, and quotes a 
value 1.67 obtained from Donle’s work. In all 


2 Mahanti, J. Indian Chem. Soc. 6, 743 (1929). 

13 Donle, Zeits. f. physik. Chemie Abt. B14, 326 (1931). 
( ol _— Zeits. f. physik. Chemie Abt. B28, 267, 480 
1 m 

1 Mahanti, Zeits. f. Physik 94, 220 (1935). 

16 Higasi, Inst. Phys. and Chem. Res., Tokyo, Sci. 
Papers 28, 284 (1936). 
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of these studies, a common solvent benzene was 
used; nevertheless, the values are far from 
consistent. Some are above and some below the 
present value reported. Ghosh,!” judging from 
dilute solution data, concluded that the primary 
alcohols have practically identical moments, 
while the iso-alcohols have noticeably higher 
moments. Groves and Sugden,!* considering the 
data of Miles,!® Knowles,?® and Kubo,!’ on 
various alcohol vapors, concluded that there is 
a small decrease in moment on ascending a 
homologous series, and a small decrease on 
passing from a normal to an iso-alcohol ; but the 
authors point out that the effects are not much 
larger than the experimental error and require 
further study. Higasi!® concluded that the mo- 
ment of an alcohol obtained in solution is always 
larger than that obtained from vapor measure- 
ments. The author feels that most such conclu- 
sions regarding the alcohols are far from con- 
clusive until such time as data on both dilute 
solutions and vapor can be repeated with more 
consistency than is now apparent. 

The author can offer no certain explanation 
for the discrepancy between Kubo’s'® data and 
the present data. The difference cannot be 
attributed to error in calibration. The close 
agreement of the work of Knowles”® on ethyl 
alcohol, the author’ on water, and unreported 
work of the author on several alcohols and 
benzene, with numerous other workers, make it 
appear impossible that the calibration of appa- 
ratus in this laboratory can be appreciably in 
error. A similar statement can be made regarding 
many of Kubo’s results. Likewise the discrepancy 
appears rather large to attribute entirely to 
logical impurities. It is very difficult to separate 
tert-butyl from isopropy! alcohol by fractional 
distillation. The boiling point is a very poor test 
of purity.® If a large amount of tert-butyl were 
present as impurity, it would lead to a higher 
molecular refraction and probably to a lower 
moment." The isopropyl used here was definitely 
pure. The author is convinced that the general 
procedure followed in the present measurements 
is a very desirable one; in previous cases, it 
seems to have led to entirely reliable results. 

17 Ghosh, Nature 123, 413 (1929). 
wasn and Sugden, J. Chem. Soc. London, 158, Jan. 


) 
19 Miles, Phys. Rev. 34, 964 (1929). 
20 Knowles, J. Phys. Chem. 36, 2554 (1932). 
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Transfer of Rotational Energy in Molecular Collisions 


II. Exchange of Energy in Collisions Between Unexcited HgH and N, Molecules 


F. F. RIEKE 
Harvard University, Cambridge Massachusetts* 


(Received August 13, 1937) 


It has been found that the intensity distribution in the HgH 4017 band excited by sensitized 
fluorescence in the mixture Hg+H2+Nz is influenced by the intensity of the primary light 
which excites the fluorescence. This observation may be interpreted as evidence of a very slow 
exchange of vibrational energy in collisions between N2 and HgH molecules in their normal 
electronic states. Two other possible causes of the phenomenon—self-reversal and reactions 
involving high energy Hg atoms formed by stepwise excitation—are ruled out by additional 


experiments. 





I. INTRODUCTION 


N the past few years a great deal of informa- 
tion concerning intermolecular transfers of 
energy has been derived from experiments on 
the dispersion of high frequency sound in gases. 
Of particular interest is the discovery that in a 
few cases the cross section for exchange of energy 
between vibration and translation is tens of 
thousands of times smaller than the gas-kinetic 
cross section. However, no case has been dis- 
covered in which the exchange of rotational 
energy is slow enough to cause dispersion of 
sound at even the highest frequencies used in 
the experiments. 

Another approach to the problem of transfers 
of energy in collisions is the study of intensity 
distributions in band spectra, which give detailed 
information about the distribution of molecules 
among rotational and vibrational levels. It is 
often found that the intensity distribution shows 
a pressure dependence, and the effect of collisions 
may be studied by following the intensity 
distribution as a function of the pressure of the 
emitting gas or of an added foreign gas. If, as is 
usual, it is the emission spectrum on which the 
observations are made, the collisions which are 
most effective in modifying the intensity distri- 
bution are those that occur during the brief 
interval (~ 10-8 sec.) during which the molecule 
occupies an excited electronic state.! 


_* Present address: Physical Laboratory, The Johns Hop- 
ins University, Baltimore, Md. 

‘ For a bibliography and critical discussion of the general 
field of transfers of energy in collisions the reader is re- 
ferred to a review by Oldenberg and Frost, Chem. Rev. 
20, 99 (1937). 
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Experiments of this type, in which the spec- 
trum studied was that of HgH excited by 
sensitized fluorescence and the foreign gases were 
water vapor and nitrogen, have been described 
in a previous paper.’ It was found that both 
H.O and Neare effective in altering the rotational 
distribution of the excited HgH molecule. Be- 
cause of the fact that the dependence of intensity 
distribution on pressure is caused primarily by 
collisions which occur while the HgH is in an 
excited state, it is difficult to obtain from the 
pressure variations any information about the 
exchanges of energy which occur when the 
molecule is in the normal electronic state. The 
following considerations suggested that for this 
purpose it would be worth while to carry out 
further experiments on the sensitized fluorescence 
in which the intensity distribution in the HgH 
spectrum is studied as a function of the intensity 
of the primary Hg 2537 radiation which excites 
the fluorescence. 

The HgH bands appear when the mixture 
(1/1000 mm Hg vapor+a few 1/1000’s mm He 
+a few mm N,) is irradiated with the unreversed 
2537 resonance line of Hg.? The HgH molecules 
are formed in the reaction 


Hg’+H:—HgH +H 
and are excited by a collision of the second kind 
Hg’+HgH—Hg+HegH’,! 
(Hg’ denotes a metastable (6* Po) Hg atom). 
~ 2F, F. Rieke, J. Chem. Phys. 4, 513 (1936). 
3 E. Gaviola and R. W. Wood, Phil. Mag. 6, 1191 (1928). 


4H. Beutler and E. Rabinowitch, Zeits. f. physik. 
Chemie B8, 403 (1930). 
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The intensity distribution in the spectrum shows 
that a considerable proportion of the excited 
HgH molecules have rotational energy greatly 
in excess of the thermal value. Because of the 
selection rule for the rotational quantum num- 
ber, the rotational energy is not changed appre- 
ciably by the emission process which restores 
the molecule to the normal electronic state. The 
spectrum (reference 2, Fig. 7) shows also that 
many excited molecules reach the normal elec- 
tronic state by a transition to the vibrational 
level v=1. 

Let us now assume that there is an appreciable 
probability that a molecule which has an excess 
internal energy (of rotation or vibration) im- 
mediately after the radiation process may retain 
the energy until it is re-excited by an encounter 
with a metastable Hg atom. It is reasonable to 
assume that the energy level to which such a 
molecule is excited in a collision of the second 
kind is different than for a molecule which has 
only the thermal energy. Whether or not the 
conditions are favorable for such a retention of 
internal energy should then have an influence 
on the intensity distribution in the emission 
spectrum. 

The probability P that the excess internal 
energy be lost in the interval between the 
radiation process and the following excitation 
process is determined by the ratio R=o,;*LNe ]/ 
o2*[ Hg’ ] where o?? is the cross section for loss of 
energy in a collision with an Ne molecule, o2’ 
the cross section for a collision of the second 
kind with metastable mercury, and [N2] and 
[Hg’] are partial pressures. If all other condi- 
tions remain constant, [Hg’ ] is directly propor- 
tional to J, the intensity of the primary radiation ; 
in this case P is a function of J only. Conse- 
quently the intensity distribution in the fluores- 
cence spectrum should depend on the intensity 
of primary radiation; but for the effect to be 
appreciable it is necessary that R be of the 
order of magnitude of 1. This can happen only 
in case o;°/o? is of the order of magnitude of 
10-5, for even under the best conditions [Hg’ ] 
is of the order of 10-§ mm,' while [N¢ ] is a few 
mim.° 

5H. Beutler and E. Rabinowitch, Zeits. f. physik. 
Chemie B6, 233 (1929). 


* The argument of these two paragraphs was suggested 
by, and is somewhat similar to, parts of reference 4. 
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Although the ratio [N2]/[Hg’] can also be 
influenced by varying the pressure of Noe, the 
relation is not simple; furthermore the average 
number of collisions during the lifetime of the 
excited state of HgH is also dependent on the 
pressure of No. Consequently experiments in 
which only the exciting intensity is varied are 
most suitable for studying the exchange of 
energy in collisions between the unexcited HgH 
and N»2 molecules. 


II. EXPERIMENTAL RESULTS AND THEIR 
INTERPRETATION 


(1) Persistence of internal energy between con- 
secutive excitation processes 


Photographs of the HgH bands excited by 
sensitized fluorescence were taken, following the 
procedure described previously.2, Then wire 
gauzes were inserted between the Hg arcs and 
the fluorescence tube, in order to reduce the 
illumination of the latter by a known ratio, and 
additional exposures were taken. Two pairs of 
wire gauzes were used; one pair had a trans- 
mission of about 3; the other, $. The first 
experiment was performed with Hz and Nz in 
the fluorescence tube. Photometry of the photo- 
graphic plate resulted in a definite indication 
that the intensity of the high rotation lines, 
relative to the low rotation lines, in the 4017 
band’ decreased with the intensity of the 
primary radiation. 

The exposure times necessary for obtaining 
comparable spectra varied approximately as the 
inverse square of the exciting intensity, as had 
been observed by Gaviola and Wood.’ Inde- 
pendent trials had been made to determine the 
relation between exposure time and the proper- 
Beutler and Rabinowitch were concerned with the possi- 
bility that abnormal rotation resulting from the chemical 
reaction in which the HgH is formed (reaction of meta- 
stable mercury with Hz and with H.O) might persist until 
a subsequent excitation process and thus influence the 
emission spectrum. However, the experiments described 
in reference 2 prove that the abnormal rotation contrib- 
uted by the formation process is negligible compared to 
that which results from the excitation process and colli- 
sions which occur during the lifetime of the excited state. 
The present paper is concerned with a persistence from 
one excitation process to the next ; the number of collisions 
which intervene is estimated from the considerations ad- 
vanced by Beutler and Rabinowitch ‘ 

7 This is the only band which is sufficiently intense and 


free from overlapping to permit quantitative measure- 
ments with low dispersion apparatus. 
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ties of the photographic plates which were used. 

Nevertheless, since the difference in intensity 
distribution observed in the first experiment was 
not very large, the experiment was repeated in 
such a way as to eliminate the possibility of any 
error arising from uncertainty in the correction 
for different exposure times. For one of the 
exposures made with the full intensity of primary 
light, a wire gauze was placed over the lens used 
to project the fluorescence radiation onto the 
slit of the spectrograph and a long exposure 
made. Comparison could then be made between 
spectra of similar densities for which the exposure 
times were equal. The result of the previous 
experiment was confirmed. The observations are 
given in detail in Table I; values of t/h given in 
the table indicate the intensity of the tail (high 
rotation lines) relative to the head (low rotation 
lines). 

The HgH bands can also be excited if the 
fluorescence tube contains a few mm of water 
vapor instead of the He+Ne mixture, but the 
relative intensity of the high rotation lines is 
much less.* The intensity distribution in the 
4017 band excited with 3.6 mm of water vapor 
in the fluorescence tube did now show any 
variation with the intensity of the primary 
radiation. 

The observation of a dependence of the 
intensity distribution on the intensity of the 
primary radiation for the 4017 band excited in 
H2+Ne is consistent with the assumption that 
the exchange of either vibrational or rotational 
energy in collisions between normal HgH and Ne 
molecules is very slow. But before the agreement 
may be taken as evidence of the persistence of 
energy in collisions, some alternative interpre- 
tations must be taken into account. 


(2) Discussion of alternative explanations 


One possibility is that the observed dependence 
of intensity distribution on the exciting intensity 
might be caused by strong self-reversal of the 
4017 band (the “resonance band” of HgH) 
within the fluorescence tube. Oldenberg’s experi- 
ments with OH show that even though the 
emission spectrum shows abnormal rotation, the 
absorption is confined to the low rotation lines.* 
If similar conditions held in the fluorescence tube, 


*O, Oldenberg, Phys. Rev. 46, 210 (1934). 





TABLE I. Observed intensity distributions in the 4017 band 











of HgH 

EXCITING INTENSITY Dis- 

PHe PNe INTENSITY TRIBUTION (t/h) 
0.007 mm 2.8 mm 1.0 0.43 
0. 0.27 
0.2 0.22 
.007 6.0 1.0 0.76 
0.2 0.42 

















self-reversal would influence the intensity of the 
band head only. Reducing the intensity of the 
primary radiation decreases the concentration 
of HgH, consequently at low intensities the 
band head should appear with its full intensity ; 
in other words, the intensity of the tail relative 
to the head should decrease when the intensity 
of the primary radiation is decreased. This is 
just the effect observed. 

In order to test for this source of error, the 
following experiment was performed. In the 
fluorescence tube used for the preceding experi- 
ments, the depth of the region in which the 
fluorescence is excited is only three cm., but 
there is an additional path of eight cm to the 
exit window. An appreciable concentration of 
HgH should imply a rather long life and therefore 
diffusion into this space. This argument sug- 
gested the construction of a fluorescence tube in 
which the fluorescence could be observed from 
either end of the tube; in one direction the 
maximum absorbing path was two cm; in the 
opposite direction a path of fifteen cm was 
possible. It seems reasonable that if there is any 
appreciable absorption, it would be greater for 
spectra taken through the more distant window. 
However, spectra taken from either end under 
otherwise identical conditions were very similar. 
Therefore it may be concluded that the amount 
of self-reversal is negligible, and that all of the 
observed intensity distributions are determined 
by the population ratios of the various rotational 
levels. 

The possibility remained that in the case of 
intense illumination molecules with abnormal 
rotation might be excited largely as a result of 
the presence of Hg atoms in the 6*P» or higher 
states. Since the filter does not transmit the 
1849 line, any atoms of excitation higher than 
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the *P,; state can occur only as a result of step- 
wise excitation, and their concentration must 
vary as a higher power of the exciting intensity. 
Since the ratio 6*P,/6*P», for instance, increases 
with the intensity of exciting radiation’ (of 
constant energy distribution), the effect of 
exciting intensity on the intensity distribution in 
the HgH bands might be explained by the 
variation in the above ratio. But in that case a 
corresponding change in intensity distribution 
should occur when the ratio is varied by changing 
only the intensity of the higher series Hg lines 
in the primary radiation. Consequently the 
following experiment was made. 

One exposure, with 0.01 mm H.+5 mm Naz, 
was made with the fluorescence tube illuminated 
by one of the water-cooled, magnetically- 
deflected mercury arcs. A second exposure was 
made with the fluorescence tube illuminated by 
both the low temperature arc and another arc 
run at a high pressure. The 2537 line emitted 
by the high pressure arc is strongly reversed, and 
is not absorbed by the cool Hg vapor in the 
fluorescence tube, but the higher series lines are 
only slightly reversed in the arc, and can be 
absorbed by the excited Hg atoms in the fluores- 
cence tube. The rate of excitation of 6*P; Hg 
atoms, and therefore of 6*P) atoms, was approxi- 
mately the same for both exposures, but the 
rate of excitation of higher states was many 
times greater for the second exposure. Never- 
theless, there was no indication of a difference 
in the intensity distribution in the HgH 4017 
band. This result proves that the high rotation 
lines observed in the sensitized fluorescence 
experiments cannot be attributed to any process 
involving Hg atoms in the 6*P, or higher states. 
The foregoing conclusion is also supported by 
the observation that with H,O (instead of He 
+N.) in the fluorescence tube, the intensity 
distribution in the 4017 band is independent of 
the exciting intensity. 


(3) Conclusions 


Since both of the alternative hypotheses are 
inconsistent with the additional experimental 
evidence, we conclude that the first explanation 
of the relation between intensity distribution and 
exciting intensity, based on the persistence of 


°E, Gaviola, Phil, Mag. 6, 1154 (1928), 
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internal energy in collisions, is correct. We may 
now attempt to decide whether it is a persistence 
of rotational or of vibrational energy which 
occurs. 

In a preliminary report!’ it was suggested 
that the experiments indicate that it is the 
rotation which persists, since it is the distribution 
among rotational quanta which was observed to 
depend on the primary intensity. This conclusion 
is open to the following objections. Firstly, 
evidence obtained from the dispersion of sound 
experiments uniformly indicate a good exchange 
of energy between rotation and translation. 
Secondly, by analogy with transfers of vibra- 
tional energy, a persistence is to be expected 
only in case the quanta involved are large 
compared to kT;!! but the rotational quanta of 
HgH are at most (for J=303) only equal to kT. 

In subsequent discussions, Professor J. Franck 
has pointed out that the observations may be 
interpreted to be a consequence of the persistence 
of vibration, rather than of rotation. It is 
necessary to assume only that in the collision of 
the second kind, 


Hg’+HgH—Hg+HgH’, 


the probability that the HgH be excited to a 
high vibrational level (v=4 or 5) is greatly 
enhanced if the molecule is originally in the first, 
rather than the zero, vibrational level. This 
assumption is supported by the Franck-Condon 
principle applied to the potential curves of HgH 
derived by Rydberg.” In this case, the increased 
rotation observed with high exciting intensities 
is to be explained as an indirect result of an 
enhanced proportion of molecules excited to the 
levels v=4 or v=5 of the II state, for it has been 
shown previously that molecules in these levels 
are transferred by collisions with Nz molecules 
to the high rotation levels of the v=0 level. 
The foregoing, which appears to be the most 
plausible interpretation of the experiments, leads 
to the conclusion that collisions with N» have a 
very small effective cross section for the removal 
of the last quantum of vibration from the HgH 
molecule in the normal electronic state, although 


only a very rough estimate of the actual cross 


10F, F. Rieke, Phys. Rev. 47, 788(A) (1935). 
1! Reference 1, p. 118. 
2 R, Rydberg, Zeits. f, Physik 80, 514 (1933), 
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section can be made. As shown in Section I of 
this paper, an effect of the kind observed should 
occur only in case the cross section for loss of the 
final quantum of vibration is of the order of 
magnitude of 10~5 times the cross section for the 
collision of the second kind with metastable Hg. 
The latter cross section may be comparable to 


the gas kinetic cross section, or even somewhat 
larger, but it is very unlikely that it is larger by 
a factor as great as 107. This rough argument 
indicates that the cross section in question is of 
the same order of magnitude as some of the 
smaller cross sections found for similar processes 
by the dispersion of sound method. 
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The Effect of Concentration on the Production of the Latent Photographic Image by 
Hydrogen Peroxide 


MERTON W. JONES AND JULIAN M. BLAIR 
University of Colorado, Boulder, Colorado 


(Received August 12, 1937) 


Much of the density previously reported as produced by short immersions of photographic 
plates in aqueous solutions of hydrogen peroxide was found to have been produced during the 
washing interval between exposure and development. Data are presented concerning the pro- 
duction of the latent image by various concentrations of hydrogen peroxide. Analysis of this 
data suggests that, initially, the net reaction is of the second order. An optimum concentration 
for the production of maximum density was indicated. 


ANY substances have been reported as 
producing latent images when placed near 

or in contact with photographic emulsions. 
Radioactivity, phosphorescence and thermal 
fogging furnish satisfactory explanations in many 
cases. In many others, the action is due to the 
presence or formation of at least traces of 
hydrogen peroxide.! For this reason and because 
of its own intrinsic interest, especially its bearing 
on the problem of the mechanism of latent image 
formation, the fogging action of hydrogen per- 
oxide has been the subject of much investigation. 
In practically all the early work,?~ photo- 
graphic plates were exposed to hydrogen peroxide 
vapor. In previously reported work where plates 
were immersed in aqueous solutions of hydrogen 
peroxide,®: © they were washed for 30 minutes 
before development. We find that much of the 
density observed was produced during this 
washing period. Among other studies employing 





‘Keenan, Chem. Rev. 3, 95 (1926). 
; Russell, Proc. Roy. Soc. London 64, 409 (1899). 
Dony-Henault, O. and A., Bull. Soc. Chim. Belg. 22, 
224 (1908), 
; Dombrowsky, Inaug. Dissert., Leipzig (1908). 
“sn and Wightman, J. Frank. Inst. 195, 337 


* Jones and Blair, J. Frank. Inst, 218, 29 (1934), 


this technique, Sheppard and Wightman® made 
some tests with the same time of immersion for 
different concentrations and concluded that the 
effect of increasing concentration was similar to 
that of increasing light intensity. Further in- 
vestigation along somewhat similar lines, but 
substituting a 1—2 second rinse for the 30 minute 
washing interval, has been carried out in this 
laboratory. Plates so briefly rinsed inevitably 
carry along some hydrogen peroxide into the 
developer. However, in agreement with observa- 
tions of Wightman, Trivelli and Sheppard,’ tests 
showed that negligibly little additional density 
was produced by the presence of small quantities 
of hydrogen peroxide in the developer. 

The first group of tests was performed with 
ten concentrations ranging by geometrical pro- 
gression from 3 percent to 3/512 percent and 
immersions, also in geometrical progression, from 
1 second to 128 seconds. Portions of Eastman 


“33”’ plates were immersed for measured inter- 


vals in hydrogen peroxide of a given concentra- 
tion, rinsed 1—2 seconds in water, developed 5 min- 


utes in a pyro-soda formula, rinsed in 1 percent 


? Wightman, Trivelli and Sheppard, J. Frank, Inst. 200, 
335 (1925). 
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acetic acid, fixed, washed and dried in the usual 
manner. Operations were carried out at 21°C. 











40 20 30 40 $0 60 70 80 90 10 “0 720 130 
£ Geconds) 





Fic. 1. Early stages of the process, showing the growth 
of developable density with time of exposure (immersion) 
in aqueous hydrogen peroxide of the stated concentrations. 


The densities produced have been plotted against 
time of exposure (immersion) in Fig. 1. 

The slopes of the density-time of exposure 
curves were determined from Fig. 1 at densities 
of 0.3, 0.4, 0.6, 0.8 and 1.0. The logarithms of 
these slopes were then plotted as a function of 
the logarithm of the concentration of hydrogen 
peroxide. For each density, straight lines were 
drawn following the trends of points thus 
determined. The slopes of these latter lines, 
interpreted as the order of the net reaction, were 
found to be 1.74, 1.56, 1.41, 1.14 and 0.97, 
respectively, for the densities in increasing order 
as mentioned above. Extrapolation of these 
results back to the density, 0.2 of a fixed-out, 
unexposed plate suggests that the reaction is 
initially of the second order. The decrease of the 
apparent order of the net reaction with increasing 
density is probably due, in part at least, to a 
reverse reaction causing developable grains to 
become undevelopable. Presumably the process 
is complicated by the conditions of diffusion of 
the hydrogen peroxide into and within the 
emulsion and its adsorption thereby. Dombrow- 
sky,‘ it may be noted, found a definite tendency 
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toward surface images when plates were exposed 
to hydrogen peroxide vapor for short intervals. 

Other tests were carried on to solarization, 
i.e., until maximum density had been attained 
for the particular concentration and immersions 
for still longer intervals began to yield decreasing 
densities. The results are presented in Fig. 2 
from which it is evident that the intermediate 
concentration of 3? percent hydrogen peroxide 
produced a higher maximum density than either 
extreme, 3 percent or 3/512 percent. Another 
series of observations was then made to deter- 
mine the maximum developable densities pro- 
duced by each of the same ten concentrations 
with which Fig. 1 is concerned. The fact that 
plates of different emulsion number were used in 
all three of these series of tests minimizes the 
significance of too close, direct comparison, as 
has been emphasized in a previous paper.’ 
However, the magnitude of the maximum 
density attained was found to increase, with 
© 3% 


O¥% 
d Ysiz % 
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; r 
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2 3 
Log £ Kecond) 
Fic. 2. Full range of exposure showing beginning of 
solarization and indicating an optimum concentration for 


the production of maximum density. Densities are plotted 
against logarithms of exposures (immersions). 


increasing concentration, from 1.5 with 3/512 
percent hydrogen peroxide up to 3.0 with the 
? percent solution. Beyond this, it began to 
decrease with further increase of concentration, 
thus confirming the implication of Fig. 2 that 
there is an optimum concentration for the 
production of the latent photographic image by 
hydrogen peroxide in aqueous solution. 
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This section will accept reports of new work, provided these 
are terse and contain few figures, and especially few halftone 
cuts. The Editorial Board will not hold itself responsible for 
opinions expressed by the correspondents. Contributions to 
this section must reach the office of the Managing Editor 


Supraconductivity in Aromatic Compounds 


The abnormally large values of the diamagnetic anisot- 
ropy of bismuth, graphite and particularly of the aromatic 
compounds have already led to the hypothesis! that in 
these substances the diamagnetic currents might not be 
restricted, as usually, to the individual atoms but might 
circulate from one atom to the other along orbits of con- 
siderable length, e.g., along the aromatic rings. To this 
hypothesis I have recently given a theoretical basis, de- 
veloping a theory which may be considered as the exten- 
sion of the so-called ‘‘molecular orbital theory” to the case 
of the presence of a magnetic field.2 It could be shown why 
these interatomic currents are essentially restricted to the 
aromatic ring-systems and why they cannot appear in the 
interior of saturated molecules nor, as intermolecular cur- 
rents, between saturated molecules.’ If one considers only 
interactions between neighboring atoms, the wave equa- 
tion for the single electronic wave function c;, and energy 
E can be written in the form (the index k denotes the 
different aromatic C atoms): 


D cel Wire?" + 5:( Wo— E) ]=0. (1) 
&k 


not later than the 15th of the month preceding that of the 
tssue in which the letter is to appear. No proof will be sent 
to the authors. The usual publication charge ($3.00 per 
page) will not be made and no reprints will be furnished free. 


Here 


_ {lif k isa neighbor of / 


, ={! if k=l 
= \0 if k is not a neighbor of / aii 


0 if k+/ 


W, is the ordinary exchange integral of neighbors of the 
orbital theory, 

Wo is the coulombian integral, 

fia = (e/hc) HS where H is the external magnetic field and 
Sk is the area of the triangle formed by the neighbors 
k, l and a zero point, arbitrarily chosen in the plane of 
the molecule. 


We consider the distances between neighboring aromatic 
C atoms as equal, so that we have to deal with only one 
value W;, for the exchange integral. 

By means of Eq. (1) I have calculated* the relative ani- 
sotropies Ax of the diamagnetic susceptibility for various 
aromatic molecules, taking the anisotropy of benzene as 
unit. The results are listed in Table I, together with the ex- 
perimental values given by Lonsdale* (Axjen,. =54-10~*). 
Our calculation makes no use of any adjustable parameter; 
the theoretical values of the second column are a direct 
consequence of Eq. (1). If one wants to obtain the ex- 


TABLE I. Relative diamagnetic anisotropies (Ax/Axbenz.) 
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(Ax/Axbenz.) exper. | (4x/4xbenz.) theor. | (4x/4xbenz.) semi-class. 
2.41 2.18 2.40 
3.38 3.45 3.88 
3.07 3.04 3.88 
4.32 4.46 6.92 
2.20 2.21 2.00 
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perimental absolute value Axbenz. =54:10~* for the anisot- 
ropy of benzene with a C—C distance of 1.39A, the ex- 
change integral W; must have the value 


W,=4.4 [e-volts]. 


About a year ago, in a paper published in this journal, 
Pauling! tried to calculate the diamagnetic anisotropies of 
aromatic compounds, taking as a basis the hypothesis that 
in these compounds the “‘aromatic”’ electrons can freely 
circulate around the aromatic rings. We can represent 
Pauling’s calculus in a very simple way stating that the 
aromatic compounds shall behave like supraconductors, i.e., 
that for any cyclic way in the molecule the following 
equation’ holds: 


A\LFids=—f fH,do (i=intensity of current). (2) 


Applying this equation to any cyclic way and postu- 
lating in addition the conservation of electricity at any 
ramification, one obtains just as many relations as neces- 
sary for unambiguously calculating the distribution of 
current. The constant \ must have the value 


\=1.12-10-* [sec./cem] 


if one wants to obtain the experimental value Axpenz. 
=54-10-* for the anisotropy of benzene, assuming an 
effective area of 5-107!® cm? for the hexagon of that 
molecule. 

The theory characterized by (2) can be considered as a 
kind of ‘‘semi-classical’’ analog of (1), insofar as it could 
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be shown? that for the limiting case of cyclic molecules of 
an infinite number of atoms, the two theories become 
identical. But for the real aromatic molecules this limiting 
case is very far from being realized. That is clearly demon- 
strated by the values listed in Table I under “semi- 
classical,” which show great deviations from the experi- 
mental values as well as from the theoretical ones. 

In order to make up for these deficiencies Pauling intro- 
duces a series of corrections which he attributes to varia- 
tions of the electronic density and of the curvature and 
length of the links in the different aromatic compounds. 
I could not comprehend why all these effects should have 
such a great influence upon the susceptibility, as assumed 
by Pauling, and I thought it reasonable to consider none 
of them for a preliminary discussion. Accordingly in 
Table I the uncorrected values of both theories are com- 
pared. The application of corrections like those considered 
by Pauling seems to me scarcely compatible with the 
actual exactitude not only of the theoretical calculations 
but also of the measurements. 

F. LONDON 


Institut Henri Poincaré, 
Université de Paris, France, 
September 4, 1937. 
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